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We present initial results from our 
VIMOS IFU study of galaxies selected 
from the Sloan Digital Sky Survey. 
Large fibre-based surveys like SDSS 
have made a major contribution to  
our understanding of processes that 
shape galaxies. The SDSS results, 
however, are derived from integrated 
properties over the area of the fibre.  
As the angular extent of galaxies is usu-
ally considerably larger than the fibre 
diameter, the SDSS results are biased 
toward the nuclear properties of galax-
ies. By contrast, data obtained with  
an Integral Field Unit (IFU) are free of 
aperture bias.

In the increasingly well-defined cosmo-
logical framework, the broad outline  
of galaxy formation is thought to be well 
understood. Briefly, galaxies form in the 
gravitational wells of dark matter halos 
from gas that got trapped there after los-
ing kinetic energy through cooling or 
dissipative shocks. However, galaxy-for-
mation models generally overpredict  
the fraction of gas that is locked up by a 
factor of about five compared to observa-
tions. To overcome this problem a feed-
back mechanism is needed to remove 
gas from galaxies. The detailed physical 
processes that govern this are not well 
known and are at present hard to con-
strain observationally (Wilman et al. �005, 
Bower et al. �006).

The vast database accumulated by the 
SDSS survey (York et al. �000) is ideally 
suited to constrain many of the funda-
mental physical processes that drive gal-
axy evolution. For example, Tremonti  
et al. (�004) find evidence for stellar-wind 
feedback in the SDSS data from the ob-
served mass – metallicity relations. Unfor-

tunately, mass cannot be measured di-
rectly from the SDSS data and the 
derived metallicities could be affected by 
aperture bias.

Another essential ingredient of galaxy 
evolution, intimately connected to feed-
back, is the star-formation history. 
Quantifying the star-formation rate from 
the past to the present is therefore an 
active area of research. The largest study 
to date (Brinchmann et al. �004) uses 
~ 105 galaxies in the SDSS database. 
They conclude that the present-day star-
formation rate is now at about a third of 
the average value over the lifetime of  
the Universe. As the SDSS apertures typ-
ically sample less than half of a galaxy’s 
size, they need to correct their results for 
this missing information using resolved 
images and procedures based on nuclear 
correlations between SFR and colour.

Aperture bias

Large surveys such as the SDSS provide 
the statistically most complete samples 
of fundamental galaxy properties. How-
ever, the SDSS properties represent inte-
grated quantities derived over the cen- 
tral three arcsec only. Consequently, the 
results suffer from highly significant aper-
ture effects (Brinchmann et al. �004, 
Wilman et al. �005, Kewley et al. �005) 
that bias the results toward the bulge and 
nuclear emission properties. Galaxies, 
however, can exhibit strong colour gra-
dients. Correcting emission line strengths 
for aperture effects when gradients are 
present is uncertain at best, and com-
pounded by unknown contributions from 
variations in metallicity and age. With IFU 
observations the bright emission lines  
are spatially resolved and can be traced 
over the whole galaxy. These data  
are therefore free of aperture effects.

This project

To quantify internal variations in the emis-
sion line properties of SDSS galaxies  
we have begun a project to map a num-
ber of them with the VIMOS IFU. In order 
to build up a sample of galaxies in a 
modest amount of observing time we se-
lected galaxies from the SDSS database 
with moderately strong Ha emission (min-

imum equivalent widths of � nm). This 
could potentially bias us toward selecting 
objects with strong nuclear emission 
such as AGN. However, it ensures that 
each galaxy requires only 60 minutes  
of observing time to build a detailed map 
of spatially resolved star formation and 
metal abundance. We use the MR mode 
of VIMOS as its wavelength coverage  
(~ 450 to 900 nm) and spectral resolution 
closely match the SDSS fibre observa-
tions.

The sample was constructed to uniformly 
cover the redshift range up to 0.1. Above 
these redshifts aperture effects become 
less important. We visually inspected  
the SDSS images of candidates to assess 
their morphology and inclination and se-
lected a total of �4 galaxies to guarantee 
that after binning the data in a variety  
of ways (in redshift, size, or luminosity) we 
still obtain statistically significant results 
for each bin.

The selected galaxies are all at intermedi-
ate inclination. While not the main goal  
of our project, this allows us to constrain 
the velocity fields and, hence, the en-
closed mass profiles of the galaxies in our 
sample. The mass distribution as a func-
tion of radius is a key prediction of hierar-
chical galaxy formation scenarios. Ob-
servational constraints on velocity fields 
are scarce even in the local Universe.  
The SDSS database itself contains no kin-
ematical information other than the re-
cessional velocity of a system. The total 
masses of SDSS galaxies are normal- 
ly estimated indirectly, usually from their 
total magnitude.

In Period 76 we obtained data for 1� of 
the galaxies in our sample. A further  
1� systems are scheduled for observation 
in Period 78. The VIMOS IFU provides 
data sets of the form (RA, DEC, l). Four 
examples of our data are shown in Fig-
ure 1. For each galaxy we show an image 
slice (i.e. a cut in l through a data set) in 
the light of Ha and a composite broad-
band image.

Preliminary results

The emission line properties are derived 
by fitting Gaussian profiles simultaneously 
to the Balmer lines (Ha, Hb) and strong 
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forbidden transition lines ([O iii], [N ii]) after 
removing the continuum using a sliding 
median. In our full analysis we will follow 
Tremonti et al. (�004) and fit the continu-
um with an optimal stellar template mod-
el. Subtracting this model will correctly 
take any underlying absorption into ac-
count that may otherwise significantly af-
fect our results (in this article we assume 
an average correction for absorption of 
EW = 0.� nm). This model also provides a 
handle on the stellar kinematics.

To quantify aperture effects we examine 
the cumulative line flux and line strength 
of the Ha lines in the four galaxies used 
in this article (Figure �) as a function of 
aperture size. Not surprisingly, the cumu-
lative flux grows systematically beyond 
the radius of the SDSS aperture. When 
extrapolating to larger radii it is frequently 
assumed that the line flux and continu-
um properties follow the same trend. But 
as the bottom panel illustrates the line-
flux to continuum-flux ratio (that is, equi-
valent width or line strength) is not always 
constant. Extrapolating quantities de-
rived from the SDSS database to larger 
radii is therefore fraught with difficulties.

Systems harbouring an AGN such as 
sdss�� display the strongest variation in 
cumulative line strength. A useful way  
to classify the activity level of a galaxy is 
by determining its location in a diagnos-
tic BPT diagram (Baldwin, Phillips and 
Terlevich 1981). In Figure 3 we reproduce 
the BPT diagram derived by Brinchmann 
et al. (�004) using ~ 105 SDSS galaxies. 
This diagram of emission line ratios has a 
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rived using a software aperture with in-
creasing radius and centred on the 
nucleus of each galaxy. The cumula-
tive Ha line flux (arbitrarily normalised) 
shown in the top panel grows mono-
tonically as the galaxies in our sample 
are larger than the radius of the SDSS 
fibre (dashed line). The continuum  
flux does not necessarily follow the 
same trend. This is illustrated in the 
bottom panels where the cumulative 
line strength of the Ha emission line  
is shown. This can lead to strong 
aperture bias when extrapolating the 
SDSS results to larger radii.

Figure 1: Examples from our sample of 
SDSS galaxies observed with the 
VIMOS IFU. Shown from left to right in 
ascending redshift order are sdss6, 
sdss13, sdss�� and sdss9 (the names 
simply reflect the RA ordering in our 
selected sample) at redshifts of 0.0�8, 
0.034, 0.074 and 0.106 respectively.  
In the top panels composite colour im-
ages derived from the VIMOS IFU  
data extracted over the SDSS r and i 
bands are shown. The corresponding 
Ha images are shown in the bottom 
panels. Panels measure �7 by �7 arc-
sec and each pixel is 0.67 arcsec.  
For comparison the SDSS fibre size is 
indicated by the red circle in the top 
left panel.
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varying aperture size on the derived 
metallicities we plot the VIMOS IFU 
results as ‘tracks’ in a BPT diagram. 
The starting point (i.e. smallest radius) 
of each track is highlighted by the 
open squares. The crosses mark 
where the radius is equal to the SDSS 
fibre radius. The underlying gray- 
scale image shows the ‘raw’ emission 
line measurements by Brinchmann et 
al. (�004, see also http://www.mpa-
garching.mpg.de/SDSS/#dataprod ) of 
some 500 000 SDSS galaxies. The 
lines divide the sample into star form-
ing (left), hybrid (centre) and AGN 
(right).
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characteristic ‘double-wing’ shape. Nor-
mal galaxies are found on the left branch 
while active systems occupy the top right 
part. Overplotted on this diagram are  
the results of our cumulative emission line 
analysis. Varying the size of the aperture 
can have an impact on the location of  
a galaxy within this diagram. But, as the 
four examples used here show, it would 
not necessarily change the classification 
of a system.

Apart from the large variation in the single 
AGN system, all systems show at least 
0.� dex change in their line ratios as a 
function of radius. This translates roughly 
into 0.1 dex in metallicity, a value that is 
not inconsistent with the 0.13 dex aver-
age difference of Kewley et al. (�005) for 
large galaxies and which they claim is 
substantial. At this preliminary stage it 
should be kept in mind that different 
methods to estimate metallicities from 
strong emission lines can yield values 
that differ considerably.

Our project aims to quantify the internal 
variations of emission line properties in  
a self-consistent manner. A by-product of 
these observations are emission line ve-
locity fields. The data analysis yields 
mean line positions for every spatial loca-
tion in our data sets. An example is shown 
in Figure 4 where the velocities are de-
rived from the mean positions of the Ha 
and [N ii] lines.

Flores et al. (�006) recently demonstrated 
the power of IFU observations to con-
strain internal kinematics at intermediate 
redshifts. They used the Flames IFU but-
tons to reach the striking conclusion that 
only one in three galaxies is dynamically 
unperturbed at redshifts of ~ 0.5 and thus 
presumably undergoing rapid evolution.  
It will be very interesting to compare this 
to the kinematical properties derived from 
our lower redshift galaxies.

Aperture effects are important. To inves-
tigate the accuracy of the various cor-
rection methods we are observing a small 
sample of SDSS galaxies. To fully probe 

Figure 4: Together with metallicity, 
mass is another key observable used 
to quantify galaxy evolution. However, 
it can only be estimated indirectly  
from the SDSS database using mag-
nitude as a proxy. Our VIMOS IFU  
data analysis yields emission line 
velocity maps with which the circular 
velocity, and hence the enclosed 
mass, can be constrained accurately. 
In the preliminary example shown  
here the velocity field is derived from a 
three-component Gaussian fit to the 
Ha + [N ii] lines.
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the data-space covered by SDSS re-
quires a much larger sample. As our re-
sults show, such a sample can be ob-
tained efficiently with the VIMOS IFU even 
in relatively poor atmospheric conditions.
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The barred spiral galaxy NGC 613 was imaged with 
the FORS1 and FORS� multi-mode instruments  
(at VLT MELIPAL and YEPUN, respectively) in De-
cember �001. The images were taken by Mark 
Neeser (Universitäts-Sternwarte München, Germany) 
and Peter Barthel (Kapteyn Astronomical Insti- 
tute, the Netherlands) during twilight. The galaxy was 
observed in three different wavebands for up to  
300 seconds per waveband, and the image obtained 
in each waveband was associated to a colour:  
B (blue), V (green) and R (red). The full-resolution 
version of this photo retains the original pixels. Note 
the many arms and the pronounced dust bands. 
North is up and East is left. Neeser and Barthel also 
performed the first stage of the image processing; 
further processing and colour-encoding was made 
by Hans Hermann Heyer and Henri Boffin (ESO). 

(From ESO Press Photo 33a/03)
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NGC 3109 is an irregular galaxy at the 
edge of the Local Group at a distance 
of 1.3 Mpc. Here we present new VLT 
observations of its young, massive star 
population, which have allowed us to 
probe stellar abundances and kinemat-
ics for the first time. The mean oxygen 
abundance obtained from early B-type 
supergiants confirms suggestions that 
NGC 3109 is very metal poor. In this 
context we advocate studies of the stel-
lar population of NGC 3109 as a com-
pelling target for future Extremely Large 
Telescopes (ELTs).

The ARAUCARIA Project is an ESO Large 
Programme using FORS� on the VLT.  
Its principal motivation is to provide im-
proved distances to galaxies in the Local 
and Sculptor Groups, via the period-lu-
minosity relationship of Cepheid variables 
(Gieren et al. �005). A secondary com-
ponent of the project is to characterise 
tens of blue supergiants (typically B- and 
A-type stars) in each of the target gal-
axies. Blue supergiants are the most vis-
ually luminous ‘normal’ stars, thereby 
enabling direct studies of stellar popula-
tions in galaxies that are otherwise 
unreachable with 8-m telescopes. From 
comparisons with theoretical spectra,  
we can investigate physical parameters  
such as temperatures and chemical 
abundances of our targets, obtaining es-
timates of the metallicity of the host 
systems. Moreover, blue supergiants have 
also been advanced as an alternative 
method of distance determination via the 
flux-weighted gravity luminosity relation-
ship (Kudritzki et al. �003).

NGC 3109 is a large Magellanic Irregular 
at 1.3 Mpc, which puts it at the outer edge 
of the Local Group. Using FORS� in the 
configurable MOS (multi-object spectros-
copy) mode, we have observed 91 stars 
in NGC 3109. These were observed in  
4 MOS configurations, using the 600 B 
grism (giving a common wavelength cov-
erage of l3900 to l4750 Å). The cumula-
tive exposure time for each field was 
roughly 3 hours. Part of our most western 
field is shown in the FORS pre-image in 
Figure 1, with our targets encircled. From 
published photometry it has been sug-
gested that red giants in NGC 3109 have 
metal abundances that are similar to 
those found in stars in the Small Magel-
lanic Cloud (SMC), i.e. very metal poor 
when compared to the solar neighbour-
hood. With this in mind, we classified the 
FORS spectra using criteria that have 
already tackled the issue of low metallic-
ity (e.g. Evans et al. �004). Our sample  
is primarily composed of late-O, B and A 
spectral types – this is the first spectral 
exploration of this galaxy. As an aside, we 
note that the first large-scale CCD sur- 
vey of NGC 3109 was reported in this 
publication by Bresolin et al. (1990) – the 
acquisition of high-quality spectroscopy  
in this galaxy some 16 years later illus-
trates the considerable advancement in 
studies of extragalactic stellar popula-
tions over that period.

Example spectra are shown in Figure �. 
Of our 91 targets, 1� are late O-type stars, 
ranging from O8 to O9.5 – such high-
quality observations of resolved O-type 
stars (note the He ii emission ‘bump’ at 
l4686 Å in the spectrum of star #33) be-
yond 1 Mpc are really quite remarkable. 

Figure 1: Part of the V-band FORS pre-image of our 
most western field, with the targets encircled.  
NGC 3109 is approximately edge-on and the FORS 
targets are well sampled along both the major  
and minor axes.
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Figure 2: FORS spectra of five of our targets in  
NGC 3109. The quality of the data is particular- 
ly impressive when one remembers that the stars  
are at distances of over 1 Mpc.
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However, in terms of quantitative analy-
sis, the early B-type supergiants in our 
sample are of more immediate interest – 
these stars have a wide variety of strong 
metallic lines in their absorption spectra, 
providing an excellent tool for investigat-
ing chemical abundances of young stellar 
populations. 

We have analysed a subset of eight of our 
early B-type spectra using the FAST-
WIND model atmosphere code (Puls et 
al. �005). From comparisons with theo-
retical spectra we can obtain physical 
parameters such as temperatures, gravi-
ties, and, of most interest in a broader 
context, chemical abundances. An ex-
ample FASTWIND model matched to one 
of the observed spectra is shown in Fig-
ure 3. The mean oxygen abundance in 
our eight stars is found to be log(O/H) 
+ 1� = 7.76 ± 0.07, in excellent agreement  
with results from H ii regions. This is only 
~ 1� % of the oxygen abundance found  
in the solar neighbourhood, and is lower 
than the oxygen abundances found in the 
SMC (cf. log(O/H) + 1� = 8.13, Trundle 
and Lennon, �005). We also obtain upper 
limits to the magnesium and silicon abun-
dances, which are comparable to those 
found for stars in the SMC – the exact 
abundance of the alpha-elements will re-
quire higher-resolution spectroscopy, but 
it is clear that stars in NGC 3109 have 
metal abundances that are very deficient 
when compared to the solar neighbour-
hood, and likely even lower than in the 
SMC. 

We have also used our FORS spectra  
to investigate the stellar rotation curve of 
NGC 3109. H i observations suggest  
a dominant dark-matter halo (Jobin and 
Carignan 1990), that cosmological N-
body cold dark matter simulations have 
struggled to reproduce (Navarro et al. 
1996). The spectral resolution from FORS 
(R ~ 1,000) is somewhat limiting for stud-
ies of stellar kinematics, but from simple 
measurements of line-centres of hydro-
gen and helium lines, we estimated radial 
velocities for the majority (84) of our stars. 
The mean 1-sigma (internal) uncertainty  
is of order �0 km/s. Figure 4 shows differ-
ential radial velocities for each of our 
stars, compared with published results 
from H i radio maps and Ha imaging 
(Jobin and Carignan 1990, Blais-Ouellette 
et al. �001). As one might expect, the 

velocities of the young population largely 
trace those of the gas, with a fair amount 
of scatter. Further observations of this 
sort would be of value to ascertain wheth-
er the stellar results are revealing genuine 
sub-structures in the disc, or whether  
we are simply limited by the small sample/
spectral resolution. 

Plans for the next generation of large 
ground-based telescopes, the so-called 
Extremely Large Telescopes (ELTs), are 
now gaining momentum. In this context 
we suggest NGC 3109 as an exciting op-
portunity to study many stages of stel- 
lar evolution in a very metal poor environ-
ment. A large primary aperture would 
enable high-resolution spectroscopy of 
the young, massive population, and  
of stars on the asymptotic giant branch. 

Meanwhile, lower-resolution spectros-
copy could trace the kinematics of the 
non-supergiant population (e.g. via the 
Calcium Triplet), probing the outer struc-
ture of this dark-matter dominated  
dwarf and providing crucial input for cos-
mological simulations.
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The first large release of data from the 
UKIDSS ESO public survey took place 
in July 2006. The size of the data set is 
about 7 % of the size of the final survey 
data set. Early science results are pre-
sented here, ranging from the nearest 
coolest brown dwarfs, to the most lu-
minous, rarest, galaxies at 5 < z < 6. 
Progress on the headline science goals 
of UKIDSS, such as the determination 
of the faint end of the stellar IMF, and 
the discovery of quasars beyond z = 6, 
is in line with expectation at this stage 
of the surveys.

The UKIDSS First Data Release (DR1) 
took place on �1 July �006 (as an-
nounced on the ESO web pages), follow-
ing on from the small Early Data Release 
(EDR), in February (The Messenger 1�3, 
67). DR1 is a much larger data set than 
the EDR, and marks completion of 7 % of 
the survey programme. The programme 
and the goals of UKIDSS are set out in 

Lawrence et al. (�006). This first release is 
an important milestone on the route to 
completion of UKIDSS, as it marks the 
point where the survey surpassed �MASS 
as the largest near-infrared survey, quan-
tified by the product P = AΩt. Here A  
is the telescope collecting area, Ω is the 
solid angle of the camera field, and t is 
the summed integration time. The symbol 
P stands for photons, since, for the same 
field, and other things being equal (such 
as camera throughput), the quantity P  
is proportional to the number of source 
photons collected.

UKIDSS is an ESO public survey (see  
The Messenger 108, 31), with equal data 
access rights to all astronomers at insti-
tutions in ESO member states. The data 
are available from the WFCAM Science 
Archive at http://surveys.roe.ac.uk/wsa/
index.html. The procedure for archive 
registration is described in a previous ar-
ticle (see The Messenger 119, 56), as well  
as on the UKIDSS web site (at http://
www.ukidss.org). The UKIDSS programme 
comprises five surveys covering com-
plementary combinations of area, depth, 
Galactic latitude, and filter coverage,  
from the full ZYJHK set of the camera. 
Table 1 summarises the contents of  
DR1 for each of the five surveys, in terms 
of area and depth over regions with 
coverage by the full filter set for that sur-
vey. DR1 contains substantial additional 
data in fields where the filter coverage  
is so far incomplete. The contents of DR1, 
including maps of the areas surveyed,  
are detailed in a submitted paper (Warren 
et al. �006). The median seeing across 
the data set is 0.8� arcsec.

Although DR1 only appeared at the end 
of July, some interesting science is 
already emerging. In this article we publi-
cise some of the early results of which  
we are aware. The authors of this article 
are members of the UKIDSS Consor-
tium, which designed and is implement-
ing the surveys. This explains the UK 
bias, but we emphasise that we have no 

priority access to the data. The science 
described here is some of the work  
with which we have been involved. We 
look forward to hearing about work  
being undertaken by other ESO astrono-
mers who have not been involved in the 
implementation of the surveys. 

High-redshift galaxies in the  
Ultra Deep Survey

The deepest, and narrowest, element of 
UKIDSS is the Ultra Deep Survey (UDS). 
The final goal of the UDS is to cover  
0.8 deg� to 5s depths of K = �3.0,  
H = �3.8, J = �4.6. The aim of the UDS is 
to produce a deep, large-scale map  
of a representative volume of the distant 
Universe, 1 < z < 6, providing large sam-
ples with which to directly test models for 
galaxy formation and evolution. The 
depths reached in DR1 are K Q �1.6 and 
J Q ��.7, over the full field, based on  
86 hours of observations (the results re-
ported here in fact use the shallower  
EDR data set). The area also benefits from 
public deep optical data obtained  
with the Subaru instrument SuprimeCam.

Although the UDS campaign is in its in-
fancy, the DR1 data set is already the larg-
est existing near-infrared survey to these 
depths. This enables surveys for rare ob-
jects. For example, McLure et al. (�006) 
have reported the discovery of nine of the 
most luminous candidate Lyman-break 
galaxies at redshifts 5 < z < 6. These ap-
pear to be relatively massive stellar 
systems (Mstars > 5 × 1010 MA) already in 
place < 1.� Gyr after the Big Bang. Be-
cause they are so rare, these luminous 
objects are particularly useful for testing 
theories of galaxy formation. Another 
galaxy population of current interest are 
the Distant Red Galaxies (DRGs), objects 
selected with (J − K )AB > 1.3, which are 
believed to be the most massive galaxies 
at z ~ �. Foucaud et al. (�006) used  
the UDS EDR to produce a sample of �39 
bright DRGs. This sample is an order of 

Survey

Large Area Survey

Galactic Clusters Survey

Galactic Plane Survey

Deep ExtraGalactic Survey

Ultra Deep Survey

Area
deg�

190

5�

77

3.1

0.8

Filters

YJHK

ZYJHK

JHK (+ H2)

JK

JK

K 5s depth
(Vega)

18.�

18.�

18.1

�0.7

�1.6

Table 1: Depth and 
coverage in fields  
with the filter comple-
ment in UKIDSS DR1.
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magnitude larger than existing samples  
of bright DRGs, allowing a first look at 
their clustering properties. The computed  
�-point angular correlation function is 
reproduced in Figure 1. Full circles rep-
resent DRGs, while open circles mark the 
correlation function for the parent sample 
of K-selected field galaxies, from which 
the DRG sample is drawn. The inferred 
correlation length of r0 ~ 1� h−1 Mpc, con-
firms that DRGs are hosted by massive 
dark matter halos.

At somewhat lower redshifts, Cirasuolo  
et al. (�006) have used the UDS EDR  
to chart the evolution of the K-band lumi-
nosity function (LF) over the redshift 
range 0.�5 < z < �.�5; the first time this 
has been achieved to such high statistical 
accuracy. Galaxy colours were also used 
to separate systems with blue/red rest-
frame optical colours. The results are il-
lustrated in Figure �. It was found that red 
galaxies dominate the bright end of the 
LF at z < 1, with bright blue galaxies dom-
inating at z > 1.

Rare objects in the Large Area Survey I: 
High-redshift quasars

One of the main factors that influenced 
the design of the LAS was the opportu-
nity to search for rare objects, extending 
the work of �MASS in finding very cool 
brown dwarfs, and of SDSS in finding 
quasars of very high redshifts, as well as 
cool brown dwarfs. These goals are 
described in Lawrence et al. (�006), and 
Hewett et al. (�006). UKIDSS DR1 pro-
vides the first opportunity for teams to 
exploit a data set sufficiently large to be 
of interest.

SDSS has been highly successful in dis-
covering quasars beyond z = 6. The most 
distant quasar at z = 6.4, found by SDSS, 
lies near the observable limit of the sur-
vey. Due to absorption by intervening neu-
tral hydrogen, at higher redshifts a quasar 
would be extremely faint in z, the long-
est-wavelength SDSS band. Yet analysis 
of the very strong absorption in the Lya 
forest of the highest redshift quasars has 
yielded tantalising evidence that at z = 6 
we have reached the tail-end of the epoch 
when the Universe was reionised. There-
fore there is strong motivation for extend-
ing the redshift limit of quasar surveys.

The search for high-redshift quasars ex-
ploits the UKIDSS Y-band (0.97−1.07 μm). 
Quasars at z > 6.4 will be very red in i-Y 
or z-Y, but bluer in Y-J than the more com-
mon L and T brown dwarfs, and there-
fore distinguishable from them. So far we 
have searched some 140 deg�, and have 
found a single high-redshift quasar, at  
z = 5.86. The spectrum is shown in Fig-
ure 3, and shows the characteristic very 
strong break in the continuum across 
Lya. To a limit Y = 19.5 we expect to find 
about one quasar z > 6.0 in 150 deg�,  
so our results so far are consistent with 
this expectation. The discovery of this 
high-redshift quasar is extremely encour-
aging for the future of the search, as the 
LAS database expands.

Rare objects in the Large Area Survey II: 
Cool brown dwarfs

The coolest brown dwarfs are the  
T dwarfs, of which 99 are known, all dis-
covered since 1995. The main samples 
have come from SDSS and �MASS. The 
classification scheme of Burgasser et al. 
(�006) defines nine spectral classes from 
T0 to T8. The primary spectral stand- 
ard for the coolest class, T8, is the object 
�MASS 0415-09. There are only six  
T8 dwarfs known. These are the coolest 
brown dwarfs and have temperatures  
~ 700 K. Jupiter has a temperature 
~ 150 K. What lies in between? One of 
the goals of UKIDSS is to explore this 
temperature range. Ultracool dwarfs are 

Figure 1: The �-point angular corre-
lation function determined for a sam-
ple of bright Distant Red Galaxies 
(DRGs), measured by Foucaud et al. 
(�006) from the UDS EDR.

Figure 2: Rest-frame K-band luminosi-
ty function from Cirasuolo et al. (�006), 
based on the UDS EDR. The red and 
blue symbols and lines plot the LF for 
galaxies with red/blue rest-frame opti-
cal colours. The solid line is the LF fit-
ted to the combined sample. For ref-
erence the dashed line shows the local 
K-band LF from Kochanek et al. (�001).
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expected to be extremely red in z-J, and 
so difficult to detect in z. Therefore the  
Y-filter is again expected to play an impor-
tant role. At some point a new spectral 
feature is expected to emerge, possibly 
NH3 absorption, defining a new spec- 
tral class, for which (coincidentally) the 
letter Y has been suggested.

One brown dwarf discovered in DR1, 
ULAS J0034, is extremely cool, and has 
proven particularly interesting. The 
spectrum is plotted in Figure 4, where it 
is compared against the T8 standard 
�MASS 0415-09. There are some minor 
differences, for example, the sugges- 
tion of excess absorption in the blue wing 
of the 1.5−1.6 μm emission peak – a 
wavelength region where NH3 may ap-
pear – as well as the enhanced flux in  
the Y-band. These hint that ULAS J0034 
may be even cooler than �MASS 0415-
09, and they warrant deeper spectros-
copy. Nevertheless, because the principal 
molecular absorption bands, due to wa-
ter and methane, are practically saturated 
at these cool temperatures, it may be that 
it will become necessary to obtain pho-
tometry and spectroscopy at mid-infrared 
wavelengths of candidates such as this, 
in order to delineate the development of 
the spectral sequence beyond T8.

The substellar initial mass function  
below 30 Jupiter masses, from the 
Galactic Clusters Survey

The aim of the Galactic Clusters Survey 
(GCS) is to investigate the substellar initial 
mass function (IMF) in a number of open 
clusters and star-forming regions, to shed 
light on the formation of brown dwarfs. 
The survey will cover 1000 deg� in ZYJHK, 
in 10 clusters, to uncover low-mass 
brown dwarfs. A second epoch coverage 
will be conducted in a few years time to 
derive proper motions over a large mass 
range. One of the regions covered in DR1 
is the young (age = 5 Myr) and nearby  
(d = 145 pc) OB association Upper Scor-
pius. Over 6 deg� have been covered  
in the central part of the association. The  
Z-J versus J colour-magnitude diagram 
for stellar sources is striking (Figure 5). 
The cluster sequence stands out clearly 
from the field stars over the 0.3−0.01 MA 
mass range, i.e. right down to 10 Jupiter 
masses (MJ), and the selection of clus- 

Figure 3: The discovery spectrum of 
the first very high redshift quasar  
from UKIDSS (from Venemans et al., in 
prep.). This 1�00 sec spectrum  
was taken on the night of 1 September 
�006, with FORS� on the VLT.
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Figure 4: Spectrum of the cool T dwarf 
ULAS J0034, the coolest brown  
dwarf found so far in DR1. The colours 
correspond to different orders of  
this cross-dispersed spectrum which 
was a 60 min exposuretaken with 
GNIRS on Gemini South. The black 
line plots the spectrum of the T8 
standard �MASS 0415-09, the coolest 
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Figure 5: Z-J versus Z colour-magni-
tude diagram for 6 deg� in the Upper 
Scorpius assocation. The cluster 
sequence stands out clearly from field 
stars all the way down to 10 MJ, ac-
cording to theoretical models.
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ter members is straightforward. We have 
increased significantly the number of 
known substellar members in Upper Scor-
pius, and uncovered over a dozen new 
brown dwarfs below �0 MJ, the limit of 
previous studies in the region. Further-
more, we have confirmed all candidates 
more massive than 15 MJ as proper mo-
tion members using the �MASS database 

as first epoch. Preliminary optical spec-
troscopy of the bright members reveals 
signs of chromospheric activity and weak 
gravity features, characteristics of young 
stars. The inferred cluster IMF keeps ris-
ing across the hydrogen-burning limit and 
is best fit by a single power law index  
a = 0.6 ± 0.1 down to 10 MJ. This result is 
in agreement with previous IMF estimates 
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in open clusters but extends our knowl-
edge to lower masses.

Stellar clusters in the Galactic Plane 
Survey

The Galactic Plane Survey is a legacy 
survey designed to be useful for all areas 
of Galactic astronomy. It consists of a first 
epoch of JHK photometry at longitudes  
l = −�˚ to 107˚ and l = 14�˚ to �30˚, and 
latitudes |b| < 5 degrees, followed by two 
additional epochs of K-band photome- 
try to provide proper motion data and to 
detect rare, high amplitude variable stars.

One of the principal science goals is  
to search for any variation of the IMF over 
different star-forming environments, by 
studying a larger sample of young clus-
ters than any previous survey. To detect 
Young Stellar Objects (YSOs), the com-
bination of Spitzer-GLIMPSE mid-IR data 
with UKIRT JHK is much more effective 
than the use of the mid-IR or near-IR data 
alone. This is illustrated in Figure 6. The 
image at the top shows a UKIDSS K-band 
image covering 3; × 3;, of a star-formation 
region in the mid plane. The GLIMPSE 
data on its own in this region can be used 
to identify YSOs – but there are only  
1�8 four-band IRAC detections, and nine 
YSOs identified in a (3.6–4.5) versus  
(5.8–8.0) μm two-colour diagram for the 
field. Alternatively the UKIDSS data alone 
may be used to select YSOs. The  
lower-left diagram plots J-H versus H-K 
for �3�6 sources, with uncertainties 
< 0.1 mag on each axis, in the field. We  
see a well-defined reddening sequence 
from lower left to upper right. Candi- 
date YSOs are objects with infrared ex-
cess to the right of this sequence.

Combining the UKIDSS and GLIMPSE 
data gives a much cleaner separation. 
The lower left-hand diagram may be used 
to estimate A(V). In the lower right-hand 
diagram the K-4.5 μm colour is plot- 
ted against A(V) for the 1084 sources with 
GLIMPSE 4.5 μm detections. Candidate 
YSOs are identified by their K-4.5 μm 
colour excess. These are plotted as red 
open squares in the upper figure, and 
show a concentration towards the cluster 
centre.

Timetable for future releases

The next release, DR�, is planned for the 
end of February �007, and will include 
new data obtained in the period May to 
July �006. Note that the UDS was not 
observable in this block. A new very large 
WFCAM block began at the end of Oc-
tober �006, and runs through to mid-May 
�007. By the end of this block UKIDSS 
will be about �0 % complete. These data 
will be released in DR3, intended to take 
place late in �007.
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Figure 6: The synergy of UKIDSS-GPS and Spitzer-
GLIMPSE data. Upper: K-band image of the central 
parts of a star-formation region in the mid-plane: 
G�8.983-0.603 from Bica et al. (�003). Lower left: 
The J-H versus H-K two-colour diagram, used to 
establish A(V). Lower right: The K-4.5 μm versus 
A(V) diagram, combining UKIDSS and Spitzer data, 

for sources with GLIMPSE 4.5 μm detections. 
Candidate YSOs are sources with K-4.5 μm excess, 
and are cleanly separated in this diagram. In the  
K-band image, black triangles mark GLIMPSE mid-
IR detections, and red squares mark candidate 
YSOs.
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Starburst Galaxies Under the Microscope: 
High-Resolution Observations with VISIR and SINFONI

Paul P. van der Werf, Leonie Snijders, 
Liesbeth Vermaas, Juha Reunanen and 
Marten Hamelink (Leiden Observatory, 
the Netherlands)

Infrared observations of starburst gal-
axies not only enable penetration of  
the obscuring veil of dust, but also pro- 
vide unique diagnostics in the form  
of nebular emission lines and emission 
from dust and polycyclic aromatic hy-
drocarbons (PAHs). Here we describe 
some first results of our ongoing study 
of starburst galaxies with VISIR and 
SINFONI at the VLT.

Starburst galaxies 

Starburst galaxies are unique laborato-
ries. Starburst episodes are phases in the 
evolution of galaxies that are by defini-
tion transient, and during which they con-
vert a significant fraction of their gas res-
ervoirs into stars. During a starburst 
phase a galaxy thus evolves rapidly in stel-
lar, gas, dust and metal content, colour, 
luminosity and morphology. Starburst 
galaxies also cover an enormous range in 
luminosity. At the low luminosity end the 
small star-forming dwarf galaxies such as 
the Small and Large Magellanic Clouds 
have infrared luminosities LIR = 7 107 LA 
and LIR = 7 108 LA. More distant infra- 
red-bright dwarf galaxies typically have  
LIR = 3 109 LA. Well-studied nearby  
starbursts such as NGC �53 and M8� 
have LIR = 3 1010 LA and 6 1010 LA.  
At higher luminosities, we have the lumi-
nous infrared galaxies (LIRGs) with  
LIR > 1011 LA. (e.g., the Antennae, NGC 
4038/4039), the ultraluminous infrared 
galaxies (ULIRGs) with LIR  > 101� LA (e.g. 
Arp ��0), and the hyperluminous infra- 
red Galaxies (HyLIRGs) with LIR  > 1013 LA 
While the luminosity range spanned is 
more than five decades, the starbursts 
that are most amenable to detailed study 
are obviously the nearest ones, which 
have only moderate luminosity. It is there-
fore important to understand how these 
nearby starbursts relate to their more dis-
tant and spectacular cousins. 

Since stars form in dusty molecular 
clouds, it is no surprise that (most) star-
bursts are also dusty. The study of 
starburst galaxies has therefore received 

an enormous boost from technical de-
velopments in ground-based and space-
based infrared astronomy. The infrared 
regime in fact offers two advantages. In 
the first place, reduced extinction offers 
the opportunity to see through the obs-
curing dust, and to probe the active star-
forming complexes directly. Secondly,  
a number of unique diagnostics are avail-
able in the infrared in the form of highly 
diagnostic nebular emission lines, H� vi-
brational lines which provide a kinematic 
probe of the molecular gas at high spa-
tial resolution, and emission and absorp-
tion features of the dust itself, includ- 
ing those attributed to polycyclic aromatic 
hydrocarbons (PAHs).

We have recently embarked on an obser-
vational study of nearby starbursts with 
two new VLT instruments: SINFONI and 
VISIR, and here report some first results.

The importance of spatial resolution

The study of starburst galaxies through 
infrared techniques has benefited signi- 
ficantly from observations with the Infra-
red Space Observatory (ISO) and the 
Spitzer Space Telescope. Yet, while these 
space-based observations have provided 
unmatched sensitivity and wavelength 
coverage, they cannot provide the spatial 
resolution enabled by ground-based 
telescopes. VISIR at the VLT has opened 
up the ground-based mid-infrared (mid-
IR) spectral region for routine imaging 
and spectroscopy at an angular resolu-
tion of 0.3? (essentially the diffraction limit 
of the VLT). For comparison, the resolu-
tion of Spitzer at 8 μm is �.5?. Thus VISIR 
gains over Spitzer in spatial resolution by 
a factor of eight in two dimensions. As  
we will show, this gain in spatial resolu-
tion is fundamentally important for study-
ing the anatomy of starburst galaxies in 
detail. The VISIR data are complemented 
with SINFONI near-infrared (near-IR) in-
tegral field spectroscopy at a similar reso-
lution. High spatial resolution allows us  
to isolate active star-forming regions from 
diffuse extended emission and thus 
provides a more secure diagnostic of the 
conditions in the star-forming regions 
themselves (e.g., local densities and radi-
ation fields). An application of this is  
the determination of the mass of the most 
massive star in a young star-forming re-

gion, for which the youngest regions  
have to be isolated. A second example is 
the origin of the PAH emission in star-
burst galaxies, which can be studied if 
the emission regions and the local 
sources of excitation can be spatially re-
solved. Both of these require high spa- 
tial resolution and will be discussed  
in some detail in the following sections.

A case study: superstarclusters in the 
Antennae (NGC 4038/4039)

The Antennae system (NGC 4038/4039) 
is the nearest major merger of two large 
spiral galaxies. Since the beginning of  
the interaction the system went through 
several episodes of violent star forma-
tion, of which the last one is probably still 
ongoing.

The resulting star clusters have been 
studied extensively. Radio and mid-IR ob-
servations show that the region between 
the two remnant nuclei (usually referred 
to as the overlap region) hosts spectacu-
lar obscured star formation. The brightest 
mid-IR component produces 15 % of  
the total 15 μm luminosity of the entire 
system (Mirabel et al. 1998). This region is 
covered by a prominent dust lane and 
may be associated with a faint, red source 
in Hubble Space Telescope (HST) im-
ages, illustrating how optical data alone 
are insufficient to identify and study  
the youngest star-forming regions. Such 
superstarclusters are of interest as poten-
tially the youngest simple coeval stellar 
populations in starbursts and thus furnish 
excellent tests for the properties of the 
most massive stars formed in these sys-
tems. For sufficiently massive and young 
superstarclusters, they may offer the 
opportunity of directly measuring a pos-
sible upper mass cutoff of the stellar 
Initial Mass Function (IMF). Mid-IR nebu-
lar fine-structure lines are excellent 
probes of such systems, since they are 
relatively unaffected by dust and can be 
used to measure the temperature of  
the ionising radiation field, and hence the 
masses of the most massive stars pres-
ent.

We used VISIR to study the most promi-
nent clusters at 0.3? resolution (30 pc  
at the assumed distance of �1 Mpc for 
the Antennae). Our data set consists of 
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imaging in a number of narrow-band fil-
ters in the N-band, and long-slit spec-
troscopy with a 0.75? slit, covering the 
two most prominent clusters. Some key 
results are shown in Figures 1 and � 
(Snijders et al. �006), which show a num-
ber of surprising results. In the first place, 
the Eastern cluster is separated into two 
components, separated by approximately 
0.5? (50 pc). The brightest of these two 
(cluster 1a) is slightly resolved. This result 
immediately shows that any attempt to 
model this region as a single coeval stel-
lar population is flawed. Cluster 1b has no 
counterpart in any other available data 
set; from the available upper limits, we de-
rive a visual extinction AV > 7�m towards 
this cluster. Remarkably, the 11.3 μm 
emission shows a different morphology, 
suggesting a common envelope of emis-
sion from hot dust and polycyclic ar-
omatic hydrocarbons (PAHs). Cluster �, 
which is optically complex, is a simple 
and compact object at 10 μm; presum-
ably the N-band emission is dominat- 
ed by a single (obscured) object within 
the general complex.

An even more surprising result comes 
from comparison with Spitzer-IRS spec-

tra (Brandl, priv. comm.) with a 5? slit, 
revealing that approximately 75 % of the 
1� μm continuum is detected in the  
0.75? VISIR slit; however, the equivalent 
width of the 11.3 μm PAH feature in  
the VISIR data is much smaller than in  
the larger aperture Spitzer spectra.

Both clusters exhibit emission in the 
10.5 μm [S iv] line, an ionisation stage re-
quiring 34.8 eV (while the 1�.8 μm [Ne ii] 
line requires only �1.6 eV); in particular in 
cluster � the [S iv]/[Ne ii] ratio in our data  
is higher than in larger aperture Spitzer 
data, significantly affecting the interpreta-
tion of the results, and indicating that 
VISIR closes in on the regions of most in-
tense star formation, while larger ap-
erture data are significantly affected by 
more diffuse emission.

A detailed analysis of the fine-structure 
line ratios in the two clusters indicates 
conditions similar to those in Galactic ul-
tracompact Hii regions (but extended 
over tens of parsecs). This is an important 
result, since it would affect the interpreta-
tion of results at other wavelengths (from 
radio to near-IR) as well (Snijders et al., in 
preparation).

The low equivalent width of the PAH emis-
sion indicates that either the PAHs are 
destroyed in the direct environment of the 
superstarclusters, or that the PAH emis-
sion is not preferentially excited by the su-
perstarclusters, but is dominated by more 
diffuse emission, excited by the softer  
UV radiation from more widespread young 
stars of slightly later type. Understand- 
ing which of these explanations is correct 
is important for the interpretation of the 
PAH emission. In order to study this issue 
further, we now turn to a more nearby 
starburst, where much higher linear reso-
lution is obtained.

The resolved starburst in M83

M83 is a nearby (D = 4.5 Mpc) grand-
design barred spiral with a nuclear region 
that is sometimes described as ‘amor-
phous’. It has a prominent optical peak, 
which is however not at the centre of  
the fainter isophotes and therefore proba-
bly not the dynamical centre. The star-
burst in M83 is not centred on this optical 
peak, but displaced significantly towards 
the West. The situation is illustrated in 
Figure 3. Here the K-band continuum is 
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Figure 1 (above): VISIR image of the 
[Ne ii] 1�.8 μm emission from the most 
prominent superstarclusters in the 
Antennae (right panel). The diameter of 
the VISIR field shown here is 9?. Its 
location is indicated in the left panel, 
which shows a composite of data ob-
tained with Spitzer (Wang et al. �004). 
The inset in the right panel shows  
the contours of the dust emission at 
11.3 μm overlaid on the [Ne ii] image 
(from Snijders et al. �006).

Figure 2 (right): VISIR spectra, tak- 
en with a 0.75? slit, of the two promi- 
nent superstarclusters in the Anten-
nae seen in Figure 1. Source 1a is the 
brightest part of the Eastern source, 
while Source � is the Western source. 
The apparently enhanced noise from  
9 to 10 μm results from the log scale of 
these plots (from Snijders et al. �006).
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dominated by the underlying bulge popu-
lation, with emission from red supergiants 
formed in the starburst superimposed. 
The full spectral data cubes produced by 
SINFONI provide a wealth of detail on  
the morphology and spatial and temporal 
evolution of this starburst, which is illus-
trated by the spectra shown in Figure 4.

Key spectral features which are evident in 
these spectra include lines of ionised 
hydrogen (Brg �.17 μm in the K-band, the 
Brackett series in the H-band and Pab 
1.�8 μm in the J-band). These lines trace 
the distribution of the young massive 
stars (spectral types B3 and earlier) and 
(under the usual assumption of dust- 
free and ionisation-bounded H ii regions) 
provide a direct measurement of the 
Lyman continuum output of these stars; 
in addition, combining these lines  gives  
a direct measurement of the extinction 
towards the ionised gas. In addition we 
observe He i lines (principally the �.06 μm 
and 1.70 μm lines, but also fainter transi-

tions). These lines trace the helium-ionis-
ing continuum and therefore the most 
massive stellar population in the starburst. 
In principle helium/hydrogen recombi-
nation line ratios can be used to measure 
the relative volumes of the helium and 
hydrogen Strömgren spheres and thus 
the hardness of the ionising radiation 
field. In practice, collisional excitation ef-
fects from metastable levels in the heli-
um atom make this procedure complicat-
ed, and in particular the use of the bright 
He i �.06 μm line is fraught with difficul-
ties; however, the He i 1.70 μm line is quite 
suitable for this purpose.

In addition we find forbidden fine-struc-
ture lines of singly ionised iron, principally 
the [Fe ii] 1.64 μm line in the H-band and 
the 1.�6 μm line in the J-band. The [Fe ii] 
emission results from strong shocks  
from supernovae, which destroy the dust 
grains, thus raising the gas-phase iron 
abundance by a large factor. The result-
ing iron atoms are then easily ionised  

and excited by the supernova blast wave 
shock. Since the [Fe ii] 1.64 μm and  
1.�6 μm lines originate from the same up-
per level, their intrinsic ratio is fixed and 
the observed line ratio can thus be used 
as an independent extinction measure-
ment. Furthermore, fainter [Fe ii] lines can 
be used to constrain temperature and 
density of the emitting material.

Also commonly detected are the rovi-
brational lines of H�. Arising from levels 
about 6 000 K above the ground state, 
these lines trace hot molecular gas. While 
the diagnostic use of these lines is com-
plicated by the fact that multiple excita-
tion mechanisms can play a role (and 
probably do play a role), such as fluores-
cence following UV-absorption, shock 
waves and X-ray excitation, they provide 
a unique high-resolution probe of mo- 
lecular gas in galactic nuclei which can 
often be used for gas-dynamical studies. 

In addition to these emission features, 
there are photospheric absorption fea-
tures arising in the cool atmospheres  
of red supergiants created in the star- 
burst. These include the CO first overtone 
absorption bands at �.30 μm and long- 
er wavelengths, as well the second over-
tone absorptions in the H-band; there  
are also atomic absorption lines (e.g., Si i  
1.59 μm, Na i �.�1 μm and Ca i �.�7 μm) 
which together with the CO bands can be 
used for stellar dynamical studies as  
well as for spectral typing of the dominant 
stellar population.

Finally, high-excitation so-called coronal 
lines (named after their detection from  
the solar corona) require a hard radiation 
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Figure 3: The off-nuclear starburst in M83. Each of 
these frames shows a 13.6? × 13.6? (300 pc diameter) 
region. Top-left panel: K-band continuum (from 
SINFONI); top-right panel: Brg �.17 μm (from SIN-
FONI); lower-left panel: [Fe ii] 1.�6 μm (from SIN-
FONI). These data result from three overlapping SIN-
FONI exposures, with on-source integration times  
of 10 minutes per frame and per spectral band (from 
Vermaas et al., in preparation); lower-right panel:  
11.3 μm PAH emission obtained with VISIR (from 
Snijders et al., in preparation).
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field that cannot be produced by nor- 
mal young stars and therefore reveal the 
presence of an active galactic nucleus 
(AGN); these lines include [Si vi] 1.96 μm, 
[Ca viii] �.3� μm and [S ix] 1.�5 μm.

With the exception of the coronal lines,  
all of these lines are evident in the spec-
tra shown in Figure 4. Given that these 
tracers probe different temporal phases 
of the starburst, they can be used as an 
age indicator. For instance, the Brg equiv-
alent width EW(Brg) can be formed by 
dividing the Brg emission by the underly-
ing continuum, thus measuring the rel-
evant importance of young O-stars and 
their direct descendants, the red super-
giants, which is time-dependent and can 
thus be used to determine the age of  
the stellar population. Age determinations 
may also be obtained by comparing  
Brg flux to CO absorption bands (again a 
comparison of O-stars with red super-
giants) or [Fe ii] flux (O-stars compared to 
supernova remnants). Turning again to 
Figures 3 and 4, it is seen that at the  
K-band nucleus the EW(Brg) is very low, 
but that the CO bands are quite prom-
inent, showing that this region is domi-
nated by an evolved stellar population. In 
contrast, the bright Brg region seen in 
Figure 3 has essentially no counterpart in 
the K-band continuum and its high 
EW(Brg) thus indicates a very young age. 
This is also seen in its J-band spectrum, 
where the Pab line is much stronger than 
the [Fe ii] line at 1.�6 μm.

Since the supernova rate is dominated by 
stars with a mass of about 8 MA (the 
most numerous stars still producing su-
pernovae), which have a lifetime of about 
3 107 years, the Brg and [Fe ii] emission 
trace phases of the starbursts that are 
temporally separated by this amount of 
time. In principle, one could use these re-
sults then to calculate the speed at which 
the star formation propagates through 
the nuclear region. Remarkably however, 
there is no pattern in the derived ages. 
Instead, the results point to a situation in 
which a large area becomes globally un-
stable, after which individual star-form-
ing complexes form stochastically. There 
is thus no evidence for propagating star 
formation in this region. However, a glob-
al trigger is still needed. Presumably this 
may be found in the accumulation of gas 
in the barred potential in the M83 nucle-
us, which continues until a critical value is 
reached, after which star formation is ig-
nited stochastically.

Inspection of Figure 3 also reveals that 
the PAH emission traces star formation 
only approximately. Clearly the brightest 
PAH emission traces the brightest Brg 
emission, and there is therefore no evi-
dence for PAH destruction by the hottest 
stars. However, diffuse PAH emission  
is present also where no Brg emission is 
found, e.g., in the region of the K-band 
nucleus. The presence of [Fe ii] emission 
in this area indicates the presence of 
supernova remnants, but direct excitation 

by these is unlikely, given the lack of 
detailed morphological agreement. The 
presence of supernova remnants how-
ever indicates a radiation field dominated 
by the most massive stars that do not 
end as supernovae, i.e., mid-B-type stars 
or later. This result confirms earlier claims 
that PAHs can be excited by a fairly soft 
radiation field (e.g., Li and Draine �00�). A 
quantitative analysis will be able to show 
what fraction of the PAH emission is ex-
cited by stars of various types, which will 
ultimately lead to a more secure calibra-
tion of PAH emission as a star formation 
indicator.

Mid-IR emission as a star formation 
indicator

A fundamental result from Spitzer is the 
use of �4 μm dust emission (well away 
from solid state spectral features) as a 
star-formation indicator (e.g., Calzetti et 
al. �005, Pérez-González et al. �006). 
Ground-based imaging in the Q-band 
spectral window (17–�6 μm) allows us to 
examine the dust emission in this spec-
tral region in detail in spatially resolved 
starbursts.

An example is presented in Figure 5, 
where we present images of Brg emission 
(from SINFONI) together with the Q- 
band dust emission imaged with VISIR 
(Snijders et al., in preparation). It is evi-
dent that these two match quite well. 

van der Werf P. P. et al., Starburst Galaxies Under the Microscope

Figure 4: SINFONI spectra taken at 
two positions in M83. Shown are 
SINFONI K-band spectra (left column)  
and partial J-band spectra (right col-
umn) on the K-band continuum peak 
(upper panels), on the peak of the Brg 
emission (lower panels). These spectra 
are from Vermaas et al. (in prepara-
tion).

2.05 2.10 2.15 2.20 2.25
Wavelength (µm)

2.30 2.35 2.40

CO-absorption

0.0

0.5

1.0

1.5

2.0

H2

Fl
ux

 (*
10

–1
3 
er

g
s/

s*
cm

2
* 

µm
)

1.25 1.26 1.27 1.28 1.29 1.30
Wavelength (µm)

0

2

[Fe II]

4

6

8

Fl
ux

 (*
10

–1
3 
er

g
s/

s*
cm

2
* 

µm
)

2.05 2.10 2.15 2.20 2.25
Wavelength (µm)

2.30 2.35 2.40
0.0

0.5

1.0

1.5

2.0

Fl
ux

 (*
10

–1
3 
er

g
s/

s*
cm

2
* 

µm
)

He I
Brγ

H2

1.25 1.26 1.27 1.28 1.29 1.30
Wavelength (µm)

0

2

4

6

8
Fl

ux
 (*

10
–1

3 
er

g
s/

s*
cm

2
* 

µm
)

[Fe II] Paβ



15The Messenger 126 – December �006

These data will allow us to correlate the 
extinction-corrected (using the Brg/Pab 
ratio) Brg emission with the Q-band dust 
emission at high spatial resolution to 
study both the correlation and possible 
deviations from the correlation (Snijders 
et al., in preparation).

Outlook

In this paper we have only scratched the 
surface of the possibilities offered by 
SINFONI and VISIR for ground-based 
studies of starburst galaxies. We are cur-
rently extending this work in two direc-
tions. 

First, we are including studies of AGNs.  
In gas-rich galactic nuclei containing  
a (dormant) supermassive black hole the 
triggering of activity may be related to  
the supply of fuel to the very centre. In 
galaxies with an Inner Inner Lindblad 
Resonance (IILR) this supply is halted by 
a torque barrier at the IILR. In other words, 
under only the effects of gravity the in-
flowing gas will accumulate at the IILR 
and form a ring, which, after building up 
sufficient surface density, will form stars, 
as observed in NGC 755� (Figure 5). 
However, the gas cannot pass the IILR, 
and any supermassive black hole lo-
cated at the nucleus remains fuel-starved 

and thus dormant. On the other hand,  
in galaxies with an active AGN, gas emis-
sion is observed all the way to the nu-
cleus. This is the case for instance in  
Cen A, which has no IILR, and where our 
SINFONI data reveal a warped disc of  
H� gas, extending all the way to the nu-
cleus. Kinematic modelling of this disc 
then provides a new determination of the 
black hole mass (Neumayer et al., in prep-
aration).

A second avenue for expanding this work 
is with studies of ULIRGs. Given the  
now well-documented correlation of (stel-
lar) spheroid mass with mass of the 
central supermassive black hole for gal-
axies (e.g., Magorrian et al. 1998), the 
formation of the bulk of the stellar mass 
and of the black hole must be related.  
It is likely that this relation is put into place 
in high-z ULIRGs, where violent star for-
mation not only builds up significant stel-
lar mass, but where an AGN is often  
also evident. Local ULIRGs can be stud-
ied as analogues of these high-z objects. 
Again, spatial resolution is essential,  
and with the Laser Guide Star Facility on  
UT4 of the VLT, it is likely that SINFONI 
will play a key role in revealing the na- 
ture of the relation between starburst and 
AGN in these extreme objects.

In summary, it is clear that with SINFONI 
and VISIR, and with the spatial resolu- 
tion offered with the VLT and the Laser 
Guide Star Facility, new territory is be- 
ing opened for the study of activity (star-
burst or otherwise) in galactic nuclei, 
which is not available with present space-
based facilities.
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Figure 5: The circumnuclear starburst in NGC 755�. 
Each of these frames shows an 8? × 8? (800 pc 
diameter) region. Left panel: Brg emission (from 
SINFONI); right panel: Q-band dust emission from 
VISIR; (from Snijders et al., in preparation). 
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Swift, a dedicated gamma-ray burst 
(GRB) satellite with ultrarapid slew- 
ing capability, and a suite of ground-
based (ESO) telescopes have recently 
achieved a major breakthrough: de-
tecting the first afterglows of short-
duration GRBs. The faintness of these 
afterglows and the diversity of old  
and young host galaxies lend support 
to the emerging ‘standard model’, in 
which they are created during the merg-
ing of two compact objects. However, 

the afterglow light-curve properties and 
possible high-redshift origin of some 
short bursts suggests that more than 
one progenitor type may be involved.

A decade ago studies of gamma-ray 
bursts (GRBs) were revolutionised by the 
discovery of long-lived afterglow emis-
sion at X-ray, optical and radio wave-
lengths. The afterglows provided precise 
positions on the sky, which in turn led  
to the discovery that GRBs originate at 
cosmological distances, and are thus the 
most luminous events known in the Uni-
verse. These afterglows also provided 
essential information for our understand-
ing of what creates these extraordinary 
explosions. Observations from the VLT 
finally showed them to be associated with 
the final, catastrophic collapse of massive 
stars (Hjorth et al. �003). 

But the picture was not yet complete. In 
particular, these results applied only to 
the bursts with durations of > � s, while 
the burst duration distribution was clearly 
bimodal (Kouveliotou et al. 1993) split- 
ting into long and short GRBs, with the 
short bursts also exhibiting markedly 
harder gamma-ray spectra (see Figure 1). 
The short bursts proved even more 
elusive than their long-duration cousins, 
and despite significant effort no after-
glows could be found, maintaining our 
ignorance of their distance scales, 
energies and, of course, physical origin.

Afterglows – found!

Finally, in May �005 Swift discovered the 
first X-ray afterglow to a short GRB.  
This was made possible because of the 
rapid ability of Swift to slew across the 
sky, pointing at the approximate location 
of the burst only a minute after it hap-
pened and pinpointing a very faint X-ray 
afterglow. The afterglow lies close to a 
massive elliptical galaxy in a cluster of 
galaxies at z = 0.��5 (Gehrels et al. �005; 
Pedersen et al. �005; Figure �). Many ex-
tremely deep observations, including 
those at the VLT, failed to locate either a 
fading optical afterglow, or a rising super-
nova component at later times (Hjorth  
et al. �005a). The lack of an accompany-
ing supernova (Figure 3), and the pur-
ported elliptical host galaxy (Figure �), 
strongly suggest that the progenitors  
for these short bursts are different from 
those of long bursts. In particular, any 
radioactive material produced in the ex-
plosion must be far less. 

Figure 1: The hardness-duration diagram for GRBs. 
The x-axis shows the duration over which 90 % of 
the observed total flux is detected, while the y-axis 
shows the ratio of fluxes in the 50–100 keV over the 
�0–50 keV bands, and is essentially a gamma-ray 
colour. Two groups (blue points) are seen, those with 
durations > � s and soft gamma-ray spectra and 
those with durations < � s and harder gamma-ray 
emission. These GRBs are taken from the BATSE 
catalogue. Also shown (in red) are the short bursts 
detected by Swift and HETE-2 over the past  
18 months. 
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Optical emission from a short GRB was 
finally found for the HETE-� GRB 050709 
(Hjorth et al. �005b) using the Danish  
1.5-m telescope at La Silla. Gemini obser-
vations pinpointed the burst to a dwarf 
galaxy at z = 0.16. This emission is likely 
to be synchrotron emission, just as in 
long GRBs. Another short burst with an 
optical afterglow was GRB 051��1 at  
z = 0.54. These results firmly place short 
GRBs at cosmological distances. How-
ever, the evidence so far indicates that 
they are at moderate redshifts, closer 
than the mean for the long GRBs which 
now lies at z = �.8 (Jakobsson et al. 
�006), a result which in itself relies signifi-
cantly on ESO efforts.

Host galaxies

One of the striking differences between 
long and short GRBs is in the properties 
of their host galaxies. Long GRB hosts 
are mostly blue, sub-luminous and star-
forming, and the GRBs preferentially oc-
cur in their brightest regions (Fruchter  
et al. �006). In contrast, short GRB host 
galaxies seem to be a more varied class, 
and can be red, old and non-starform-
ing, with the GRBs originating at occa-
sionally large radial separations from the 
host core. Any model for the origin of  
the short GRBs must naturally explain 
these observations; so far the prevailing 
choice is therefore compact objects – 
compact object mergers, e.g., neutron 
star – neutron star (NS-NS) or neutron 

star – black hole (NS-BH). These systems 
merge following orbital decay due to 
emission of gravitational radiation. Based 
on observations of known systems in  
the Milky Way, it is clear that this can take 
billions of years. Also, on creation, a neu-
tron star obtains a large ‘kick’ from the 
supernova, removing it from the region of 
star formation in which it was made, and, 
potentially pushing the binary far from  
its host galaxy at the time of the merger. 
This has made compact binary mergers 
the most popular model for short GRB 
origin, yet some observations continue to 
challenge this suggestion.

Light curves

So far, the optical afterglows of short 
GRBs have typically been fainter than for 
long GRBs (Figure 4). This has meant  

that the afterglows have been less well 
sampled and few good spectral ener- 
gy distributions have been secured. For 
this work 8-m telescopes are required, 
even at early times. By far the best early 
optical light curve for a short GRB comes 
from GRB 060313, with observations 
beginning on the ground (from the Danish 
1.5-m telescope) only six minutes after 
the burst and continuing for several hours. 
At the VLT, following a Rapid Response 
Mode activation, a total of twenty seven 
100-second observations were obtained. 
These high-S/N and high-cadence ob-
servations allowed rapid, small amplitude 
variability to been seen. This suggests 
that energy is being input into the after-
glow out to late times post-burst. This is 
problematic for merger models, since  
the final coalescence should occur very 
rapidly, with little material remaining to 
fuel the burst afterwards. One possible 

Figure 2: The diverse possible host galaxies of sev-
eral short duration GRBs. GRB 050509B, the first 
localised short GRB, had no optical afterglow, no 
supernova (Figure 3) but was localised to an elliptical 
galaxy at z = 0.��5 (image from VLT). GRB 050813 
had no optical afterglow. In its error circle several 
galaxies at z = 1.7� were found (image from VLT). 
GRB 050906 had no afterglow either but inside the 
error circle (which is much larger than the image 
shown) the galaxy IC 3�8 (z = 0.031) was present 
(image from VLT). Inside the large IPN error box  
of GRB 051103 several galaxies from the nearby  
M81/M8� group were found (image from GALEX).  
GRB 0601�1 had a faint optical afterglow and was 
localised to a very faint galaxy (image from HST). 
GRB 060313 had a bright afterglow discovered at 
ESO and was localised to a very faint galaxy (image 
from VLT).

GRB 050509B GRB 0505813 GRB 050906

GRB 060313GRB 060121GRB 051103

Figure 3: No supernova associated 
with short GRB 050509B. The upper 
limits (red arrows) on variable sources 
inside the GRB 050509B error cir- 
cle (see Figure �) compared to the light 
curves of different SNe redshifted to  
z = 0.��5 (blue: Type Ic; green: Type Ia; 
thick curves: bright supernovae; thin 
curves: faint supernovae). The stringent 
upper limits obtained with the VLT rule 
out the presence of a super-nova 
accompanying the first localised short 
burst, GRB 050509B.
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solution of this puzzle is that after the 
merger, a neutron star/magnetar rather 
than a black hole is formed. 

Near and far

In parallel with these discoveries, other 
insights into the nature of short bursts 
were also emerging. At the end of �004 
the Galactic soft gamma repeater SGR 
1806−�0 underwent a giant flare, re- 
leasing over 1046 ergs of energy in 0.� s.  
This event could have been seen from 
tens of megaparsecs away, and indicated 
that some short bursts may arise from 
similar flares (Hurley et al. �005; Palmer 
et al. �005). This being the case it might 
be expected that GRBs would corre- 
late with large-scale structure in the local 
universe, and indeed our comparison  
of the locations of bursts seen by BATSE 
with the locations of local galaxies re-
vealed that between 10–�5 % of short 
bursts might originate from within 100 Mpc 
(Tanvir et al. �005). This may be sup-
ported by the presence of the bright 
nearby galaxy IC 3�8 in the error box of 
the short GRB 050906 and the short 
GRB 051103 localised to the M81/M8� 
galaxy group (Figure �). 

But these nearby short GRBs only rep-
resent one extreme of the population. At 
the other end, the short GRB 0601�1 (Fig-
ures � and 4) was found to originate in a 
very faint and red host galaxy, which may 
have z > 4.5, and therefore a much larger 
energy budget than previously known 
short bursts. Similarly, GRB 060313 (Fig-
ure �) also has a faint host, possibly in-
dicative of a higher redshift.

Where next?

Recent progress in understanding short 
bursts has been both dramatic and yet 
the picture is far from complete. It would 
seem hard to explain the full range of 
behaviour of short bursts with a single 
progenitor model, and it is likely that 
more than one progenitor type (e.g. SGR 
flares, and compact binary mergers) is 
required. Even allowing for this, the lumi-
nosity function and distance range of  
the two (or more) systems must be ex-
tremely broad. 

Fortunately, ESO telescopes are likely to 
drive further progress. We expect that  
the continued build-up of light curves 
(through Rapid Response Mode and Tar-
get of Opportunity observations) and host 
galaxies (through our dedicated Large 
Programme to study galaxies of long and 
short GRBs) will allow stronger state-
ments to be made about the progenitors 
of short GRBs. Detailed modelling of  
light curves and broadband spectra will 
allow us to constrain the emission mech-
anism and physical properties such as 
the density of the surrounding medium. A 
statistical study of the galaxies hosting 
short GRBs should also give clues about 
formation time scales and environments. 

Absorption line spectroscopy, as is rou-
tinely obtained on long GRBs for mea-
suring redshifts and probing the environ-
ment of the progenitors, has so far not 
been successful on short GRBs. For 
GRB 060313 we obtained a spectrum 
which unfortunately was too noisy to 
reveal any significant absorption lines. 

Another interesting line of research may 
be to obtain polarimetric observations.  
In contrast to long GRB afterglows, the 
ordered, strong magnetic field of a neu-
tron star may imply that NS-NS mergers 
create highly polarised afterglows.

Whatever else we learn, our experience 
of attempting to resolve the puzzle  
of GRBs tells us to expect many further 
surprises.
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We have entered a new era of powerful 
instruments, enabling high-precision 
cosmological observations. The Wide-
Field-Imager (WFI) at the ESO/MPG  
2.2-m telescope is a precursor of them 
since its field of view is large and of 
superb image quality. We employed the 
WFI to compile the Garching-Bonn 
Deep Survey (GaBoDS), where most of 
the high-quality images are obtained  
via data mining the ESO archive. This 
large virtual survey is used to determine 
some of the statistical properties of  
the Universe utilising weak gravitational 
lensing.

Gravitational lensing describes the de-
flection of light from distant objects by in-
tervening mass concentrations in the 
Universe. Galaxy images which are affec- 
ted by lensing change their apparent 
position and flux, but the main observ-

able is a systematic distortion of their 
shape. Amongst the most prominent ex-
amples of gravitational lensing are strong-
ly deformed images of objects behind 
massive galaxy clusters. They can appear 
as very elongated, arc-like structures  
or even as multiple images from a single 
source as shown in Figure 1.

During the last decade large-format CCD 
mosaic cameras have been developed 
which can map up to one square degree 
of the sky with a single exposure. Fur-
thermore, significant improvements in the 
image quality of optical observations 
have been achieved. With these technical 
developments and expanding data sets, 
lensing studies have increasingly concen-
trated on the weak lensing regime of  
field galaxies. Here, the coherent gravita-
tional light deflection of distant galaxies 
by the tidal gravitational field of the large-
scale structure (LSS) in the Universe 
induces only weak shape distortions of 
galaxy images. This weak gravitational 
lensing effect by the LSS is called cosmic 
shear and can only be measured statisti-
cally by averaging the distortion signal of 
many background galaxies.

After its first detection in �000, cosmic 
shear has become one of the pillars of 
our cosmological model. Gravitational 

light deflection is independent of any as-
sumptions on the relation between dark 
and luminous matter. It can therefore ex-
plore the statistical properties of the LSS 
and constrain cosmological parameters. 
Furthermore, the cosmic shear signal can 
be used to reconstruct maps of the pro-
jected mass density field of the LSS. By 
cross-correlating these maps with galaxy 
surveys, one can study galaxy biasing as 
a function of redshift and angular scale. 
Here we present a report on our cosmic 
shear and galaxy biasing analysis of the 
GaBoDS.

GaBoDS – a mostly virtual survey

In �00�, our group started a weak lensing 
survey with the WFI at the ESO/MPG  
�.�-m telescope. The WFI mosaic camera 
turned out to be an excellent instrument 
for weak lensing studies because it has a 
very well-behaved point spread function 
(PSF) over the whole field of view (FOV; 
see Figure �).

The shape distortion of distant galaxy im-
ages induced by the LSS is weak and  
its measurement very noisy since the im-
ages of faint distant galaxies typically 
comprise only a few CCD pixels. Hence, 
besides the necessary analysis tech-

Figure 1: The rich lens-
ing cluster RXJ1347-1145 
at a redshift z = 0.45.  
It was observed with the 
ACS on board the HST 
for a total of nine orbits 
in the three broad-band 
colours g, i and z. Im-
age by Thomas Erben 
and Tim Schrabback.
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niques to extract a reliable source cata-
logue, we need high-quality data to 
perform a successful cosmic shear analy-
sis:
–  The data must be observed under su-

perb seeing conditions in clear, dark 
nights. This ensures a sufficiently high 
number density of faint background 
sources to obtain statistically significant 
results.

–  Weak lensing surveys of at least 10–�0 
square degrees are necessary to obtain 
significant cosmological constraints. 
The fields should be spread over a large 
fraction of the sky in order to have  
a statistically representative sample.

–  A quantitative analysis of lensing signals 
requires knowledge of the redshift dis-
tribution of the galaxy population which 
is best obtained from the cosmic shear 
data itself, for instance in the form of 
photometric redshifts.

It turns out that a cosmic shear survey of 
about 10 square degrees is very diffi- 
cult to execute with regular observing 
proposals on a short timescale, even with 
wide-field imaging and Service mode 
observations which ensure data of high 
quality. On the other hand, several ob-
serving programmes, such as the multi-
colour ESO Deep Public Survey1 (DPS, 
Hildebrandt et al. �006a) or the Capodi-
monte Deep Field�, obtained data which 
are well suited for cosmic shear stud- 
ies. After a one-year proprietary period  
(not for the DPS) those data sets be-
came publicly available to the astronomi-
cal community via the ESO archive and 
we could immediately add them to our 
own observations. Therefore, we initiated 
a dedicated archive research propos- 
al within the ASTROVIRTEL3 project (AS-
TROVIRTEL cycle �: Gravitational lensing 
studies in randomly distributed, high 
galactic latitude fields; P.I. Thomas Erben) 
to systematically search the ESO archive 
for high-quality WFI observations. Our 
archive query requirements, which aim at 
observations with a minimum observ- 
ing time in a given filter configuration, to-
gether with constraints on seeing and 
galactic latitude, needed a substantial ex-
tension of the existing archive interface. 
To this end, the ASTROVIRTEL team de-

veloped the tool querator4 which ex-
tends the traditional archive query form 
for telescope, camera, filter configuration 
and object position by advanced search 
possibilities for multi-colour observations  
and our needs. Whereas we obtained 
one square degree of usable data with 
own observations in the first year, the ar-
chive search with querator provided us, 
without new observations, with 4.5 square 
degrees within two months. Together 
with the previously retrieved archive data, 
WFI data from the COMBO-17 project 
(e.g. Wolf et al. �004) and the EDisCS sur-
vey (White et al. �005), the GaBoDS 
currently consists of 15 square degrees  
of high-quality imaging data.

All raw science and calibration frames 
were reduced and analysed in a homoge-
neous way, employing the THELI pipe-
line that we developed and released pub-
licly (Erben et al. �005). THELI is a stand-
alone reduction pipeline based on UNIX 
scripts which uses only open source soft-
ware, and which makes heavy use of  
pre-existing software modules. The pipe-
line has been developed with weak 
lensing applications in mind: owing to the 
stringent requirements posed by weak 
lensing, the relative astrometric accuracy 
of the dithered individual exposures  
must be better than about 1/10 of a pixel 
to not introduce artificial image ellipticities 
in the coaddition process.

The GaBoDS is a useful cosmic shear 
survey due to its field depth (R-band limit-
ing magnitude between �5.0 mag and 
�6.5 mag; 5s sky level measured in a cir-
cular aperture of �? radius) and seeing 
(between 0.7? and 1.�?). This yields a 
large number of faint galaxies that we fi-
nally used for our cosmic shear analy- 
sis (almost 106 galaxies) and permits a 
good PSF correction. Furthermore, the 
images form small patches which are 
widely separated in the sky, hence they 
are uncorrelated (Figure 3).

Cosmic shear analysis with GaBoDS

In the weak lensing regime, shape distor-
tions are characterised by a quantity 
called shear. It quantifies the anisotropic 
stretching of a source image, where,  
for example, an intrinsically round object 
is deformed into an ellipse. The shear can 
be estimated from the galaxy ellipticity 
which is directly related to its observable 
light distribution. Correlations in the cos-
mic shear field (the coherent shear pat-
tern) are connected to the matter density 
power spectrum and its underlying cos-
mology. We calculated from the meas-
ured correlations the aperture mass dis-
persion. The aperture mass measures  
the tangential alignment of galaxy images 
relative to a chosen reference point, and 
thus quantifies the local strength of the 
coherent shear field (just like the tangen-
tial stretching of arcs measures the lens-
ing strength of a cluster; see Figure 1).  
Its dispersion is a powerful cosmic shear 
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4 http://archive.eso.org/querator/



�1The Messenger 126 – December �006

measure since it is a very local measure 
of the power spectrum of the line-of-sight 
projected mass density. Moreover, it is  
a sensitive tool to reveal possible system-
atic errors in the data.

PSF correction

Cosmic shear induces per-cent level cor-
relations in the ellipticities of distant 
galaxy images which can be an order of 
magnitude lower than correlations in-
duced by systematic effects, like the an-
isotropic PSF. The correction of these 
systematics is challenging and has to be 
tested and applied carefully. Therefore, 
we performed a precise PSF correction 
method to obtain reliable shear estimates. 
The correction is done in two steps.  
One first has to correct the galaxy elliptic-
ities for the effect of an anisotropic PSF 
using a sample of bright, unsaturated 
stars which are point-like and unaffected 
by lensing. Measuring their ellipticity 
yields the PSF anisotropy pattern of the 
field. Since the PSF anisotropy of the 
coadded images from the WFI is rather 
small and varies smoothly over the to- 
tal FOV, we perform an interpolation of 
the stellar anisotropy over the entire  
FOV (Figure 4) to estimate the PSF anisot-
ropy at the position of the galaxies. Sec-
ond, the isotropic smearing caused by 
seeing has to be accounted for. Special-
ised software for these tasks has been 
developed independently and thoroughly 
tested, most recently in a world-wide 
blind test: the STEP project (Heymans et 
al. �006).

Redshift distribution of galaxies

For quantitative cosmic shear analyses 
not only the observed shape of source 
galaxies but also their redshift distribution 
has to be known. This distribution is di-
rectly estimated from galaxies of seven 
statistically independent DPS fields ob-
served in UBVRI. In this way, the total er-
ror estimate of our redshift distribution 
includes sampling variance. This is an ad-
vantage of the GaBoDS since we do  
not have to rely on redshift distributions 

estimated from external redshift sur- 
veys covering only a small area in the sky. 
These DPS fields yield accurate photo-
metric redshift information for about 10 % 
of the galaxies considered for the cos-
mic shear analysis. To acquire a smooth 
redshift distribution for all galaxies of  
the GaBoDS galaxy lensing catalogue, we 
perform a five-parameter fit to the mea-
sured redshift distribution.

Cosmological parameters from  
cosmic shear

For our cosmic shear analysis of the 
GaBoDS we calculated the aperture mass 
dispersion and found no significant 
systematic errors resulting from the data 
treatment (e.g. an imperfect PSF-anisot-
ropy correction), see Figure 5. This en-

Figure 3: Sky distribu-
tion of the GaBoDS 
fields. The survey has a 
total area of 15 square 
degrees and contains  
�9 different lines of 
sight, all at high galactic 
latitude. The different 
patches comprise areas 
from 0.�5 up to � square 
degrees.
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couraged us to perform a cosmological 
parameter estimate (Hetterscheidt et  
al. �006). For this purpose we combine 
the fit of the redshift distribution with  
the cosmic shear signal and estimate the 
total noise covariance matrix in an unbi-
ased way directly from the data without 
any further assumptions, since the ob-
served fields are statistically independent. 
Our analysis is basically concentrated  
on the mass power spectrum normalisa-
tion, s8, and the total matter density, Wm. 
For this estimate we assume a flat LCDM 
Universe with negligible baryon content. 
We derive s8 and Wm while marginalising 
over the HST Key Project uncertainties  
in the Hubble parameter and the source 
redshift distribution. We employ the so-
called Monte Carlo Markov Chain, an effi-
cient method to estimate the posterior 
likelihood in our eight-dimensional param-
eter space (Wm, s8, h, and the five fit pa-
rameters of the redshift distribution).

As a result we obtain the joint constraints 
on Wm and s8 (Figure 6). The confidence 
contours reveal the typical ‘banana’- 
like shape reflecting the strong degener-
acy between these two parameters, 
hence they are poorly constrained with-
out further priors: s8 = 0.61+0.31    

−0.�0 and  
Wm = 0.46+0.30    

−0.��. Measurements of the 
CMB, however, yield a degeneracy in the 
Wm-s8 plane that is almost perpendicular 
to that of cosmic shear (Figure 6). Com-
bining them would therefore substantially 
improve the Wm, s8 estimate.

The GaBoDS data set alone yields a nor-
malisation of s8 = 0.80 ± 0.10 (1s statis-
tical error) for a fixed total matter density  
of Wm = 0.3, which is of similar accuracy 
to those obtained from measurements of 
the CMB and galaxy clusters.

Probing galaxy bias with GaBoDS

The relation between the spatial distribu-
tion of galaxies and the distribution of 
dark matter is expressed statistically by 
galaxy biasing parameters. Weak gravi-
tational lensing provides a unique method 
to study the dark-matter distribution in-
dependently from the galaxy distribution, 
and to compare the two in order to mea-
sure the galaxy bias. Moreover with 
lensing, also the smaller, highly non-linear 
scales can be assessed which is not 
possible with other methods relying on 
linear perturbation theory.

In Figure 7 the basic concept of galaxy 
biasing and its measurement is illus-
trated. From the statistical point of view, 
bias parameters quantify the auto-  
and cross-correlation of the matter and 
galaxy distribution. Observationally, the 
projected mass distribution is measured 

in terms of the shear, whereas the pro-
jected galaxy distribution is seen as their 
distribution in the sky. The bias param-
eter b is the ratio of rms fluctuations of 
galaxies and matter, whereas the correla-
tion coefficient r quantifies the correlation 
of galaxies and matter. Unbiased fields 
have b = r = 1.

Our primary interest is in the spatial val-
ues of b and r and not their projections in 
the sky. Therefore, we perform a depro-
jection of the measurements based on a 
fiducial cosmology, and the redshift dis-
tribution of foreground and background 
galaxies.

In Simon et al. (�006), we measured the 
spatial bias parameters b and r on dif-
ferent scales. The fluctuations in the pro-
jected matter distribution are smoothed 
using the already mentioned aperture 
mass; the filter radius determines the 
scale we are looking at. The aperture 
mass fluctuations are then compared to 
the projected number density of (fore-
ground) galaxies, smoothed by using the 
same aperture filter as the one used for 
the aperture mass.

We perform the galaxy bias analysis for 
three different foreground galaxy samples 
that are selected by R-band magnitude. 
The redshift distributions of galaxies in 
the various samples are estimated from 
the COMBO-17 survey which provides 
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accurate photometric redshifts for three 
of the GaBoDS fields that are thought  
to represent the whole survey. The sam- 
ples have a relatively wide distribution 
with means of  z̄ = 0.34 ± 0.18, 0.47 ± 0.��, 
0.6� ± 0.�7 (‘foreground’) and z̄ = 0.67 ± 
0.�9 for the mean redshift of galaxies in-
side the lensing catalogue (‘background’); 
the 1s-widths of the distributions are al-
so given. Therefore, the three foreground 
samples represent galaxies at different 
redshifts, albeit as averages over a quite 
large range.

The final result was obtained by combin-
ing the measurements for all individual 
GaBoDS fields. The result for the bias pa-
rameters is very similar for all three galaxy 
samples and is shown for the brightest 
sample in Figure 8. This means that over 
the observed redshift range, and for the 
range of scales considered, the bias evo-
lution is relatively mild.

The bias factor shows indications for a 
scale-dependence with an anti-bias,  
b < 1, at about 3 h−1 Mpc; towards smaller 

(and perhaps also larger) scales the bias 
factor rises again. This behaviour, espe-
cially a scale-dependence of b on scales 
where the structure growth is in the non-
linear regime, is expected from cosmo-
logical simulations such as in Springel et 
al. (�005). The average of b between one 
and eight Mpc/h, weighted by the statis-
tical uncertainty of our mea-surement, is 
b̄ ≈ 0.8 ± 0.1.

The correlation between the matter and 
galaxy distributions is measured with 
larger uncertainties. Still, we find that 
there is a decorrelation between both in 
all three samples with an average (over 
the same range of scales as for b̄) of ap-
proximately r̄ ≈ 0.6 ± 0.�. The fact that 
this correlation is not perfect, i.e. r ≠ 1, 
implies that the biasing of galaxies is 
either non-linear and/or stochastic. In or-
der to disentangle non-linear and sto-
chastic biasing, a higher-order correlation 
analysis will be required which is with- 
in reach by the upcoming weak lensing 
surveys.

Outlook

The use of the GaBoDS data is not re-
stricted to lensing analyses, but has 
already been extended to other projects 
as well, including Lyman-break galaxies 
(Hildebrandt et al. �006b). We have made 
our reductions and derived products of  
a large fraction of the GaBoDS data pub-
licly available via the ESO archive, such 
as the DPS5,6, which includes the ultra-
deep WFI image of the Chandra Deep 
Field South7. With its substantial scientific 
output, the GaBoDS is a good example 
for the use of the ESO archive. The up-
coming public surveys with the new VST 
and VISTA telescope will provide an enor-
mous increase of such data products, 
and we foresee a large scientific harvest 
from these surveys.
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Figure 7: Left: smoothed fluctuations in the number 
density distribution of ‘foreground’ galaxies in the 
sky (�1.0 ≤ R ≤ �3.0) as observed in the A901 field. 
Right: projected and smoothed fluctuations in the 
total matter density obtained from image ellipticities 
of faint ‘background’ galaxies (�1.5 ≤ R ≤ �4.0) with-
in the same field of view. Comparing, in a statisti- 
cal sense, both maps allows a measurement of (pro-

Figure 8: Left: Spatial linear bias factor b of the 
brightest ‘foreground’ galaxy sample (the effective 
comoving spatial scale in the top axis is based on 
the mean redshift of the sample, z̄ ≈ 0.34). Right: 
Spatial linear correlation r between total matter fluc-
tuations and galaxy number density fluctuations. 
Shaded areas denote the 1s-confidence of the aver-
age b and r for smoothing scales between �; and 
19;. The results are for a flat Universe with Wm = 0.3. 
Note that the errors of neighbouring bins are strong-
ly correlated.
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jected) galaxy bias, thus the relation between the 
distribution of matter and galaxies. Although galax-
ies are almost unbiased tracers of the matter dis-
tribution at low redshift, both maps appear quite dif-
ferent. This is partly due to overlaid shot-noise 
patterns, but also partly due to different redshift sen-
sitivities of the projections. We accounted for both in 
the final analysis.
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Imagine a car as fast as a Ferrari, and 
as cheap as a Trabi. Sounds crazy? 
Maybe it is, but when it comes to high 
angular resolution in astronomy there  
is something that comes close to the 
miracle: lunar occultations. As the Moon 
moves over a background star, the 
phenomenon of diffraction causes ten-
uous, quick fringes to appear in the 
stellar light just before it vanishes. The 
fringes carry valuable information on 
the size of the source, on scales much 
smaller than possible with even a per-
fect, extremely large telescope. Paranal 
is now superbly equipped to perform 
this kind of observation, and for that 
matter all sorts of high-speed near-IR 
photometry. And the results are impres-
sive. Find out more about the ISAAC 
burst mode, which is now officially sup-
ported from Period 79.

The power of lunar occultations

Astronomers are always seeking to re-
solve the smallest possible angular details 
of their favourite sources, and for this they 
are prepared to invest huge amounts of 

money and resources. You are certainly 
familiar already with the wonderful results 
afforded by adaptive optics and long-
baseline interferometry, but no doubt you 
will have also been struck by their com-
plications. However, there is a way to ob-
tain very high angular resolution, far 
exceeding the diffraction limit of any tele-
scope, and still keep the whole business 
simple for the mind and easy on your 
observatory budget. Even better, it is pos-
sible to achieve this under any seeing  
and with an optical quality of your mirror 
which would send any self-respecting 
optician into a rage. How? Well, let us for-
get about the telescope in the first place. 
Instead, let us use an entirely different 
apparatus, namely the Moon. More pre-
cisely, its edge. As the lunar limb occults 
a distant background source, diffrac- 
tion fringes are generated. From the anal-
ysis of these fringes, it is possible to in- 
fer the size of the occulted source, and 
even to reconstruct a precise scan of its 
brightness profile. Since the diffraction 
phenomenon takes place in space, the 
quality of the atmosphere or the optical 
quality of the telescope we use to look at 
does not really matter to a first approx-
imation. The fringes have a characteristic 
size which is determined by the distance 
to the Moon and the wavelength, and  
is typically several metres across at the 
Earth surface. However, they also move 
rather fast, almost one kilometre per 
second on average. Therefore, the trick is 
to measure them fast: in order to achieve 
a good measurement, sampling rates of 
about 1 millisecond are required.

To be sure, there are some critical limita-
tions in this technique: for one, you can-
not choose which sources in the sky the 
Moon is going to occult, and when. Other 
more subtle limitations are that, lunar 
occultations being fixed-time events, their 
observation can easily be wiped out by  
a single cloud in the wrong place at the 
wrong time. And it might take a long, long 
time until the next opportunity: the Moon 
moves across the sky following a so-
called Saros cycle, the same as solar 
eclipses. For the record, it lasts about 
18.5 years! Also, a lunar occultation only 
gives a one-dimensional scan of the 
source. In spite of these limitations, lunar 
occultations have represented the main 
provider of stellar angular diameters for 
decades. Their typical angular resolution 
and sensitivity have been only recently 
reached, and sometimes surpassed, by a 
few long-baseline interferometers such as 
the ESO VLTI.

Lunar occultations at Paranal

So if some interferometers can now offer 
the performance of lunar occultations, 
why do we still go around bragging about 
the Moon? There is one good reason: 
lunar occultations have just added a few 
more magnitudes to their sensitivity limit, 
thanks to a mode recently implemented 
at Paranal. Because occultations require 
very fast integration times, they have 
been traditionally observed by photom-
eters, which in turn are usually found at 
small telescopes. However, clever read-
out electronics also exist to read an array 
detector at a sufficiently fast rate, pro-

N–1 N

Signal

Detector
Integration
Time

Detector
Integration
Time

N+1

R1N–1 R1N R1N+1

Reset R2N–1 R2N+1Reset ResetR2N t

Figure 1: Read-out scheme (Read-Reset-Read).  
Two lines of the sub-window are read, then reset and 
read again. This is repeated for the whole sub-
window and the result is computed as R1N – R2N–1.  
This read-out scheme allows a 100 % duty cycle  
for minimum integration time (= read-out time of the 
sub-window).
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vided that you are satisfied with a sub-
window rather than the whole array, and 
the ESO IRACE is one of them (see Fig-
ure 1). Moreover, for such short integra-
tion times, the sensitivity is of course criti-
cally dependent on the telescope area.

The combination of Antu, ISAAC and 
IRACE seemed thus perfect, but we still 
needed a good justification to try them 
together in a convincing demonstration, 
and the opportunity was given by the 
close approach of the Moon to the Galac-
tic Centre (GC). This is an event which is 
repeated every 18.5 years (remember, the 
Saros cycle!), and is observable only a 
few times from restricted regions on Earth. 
Due to lunar parallax and the southern 
location of the Paranal observatory, this 
time around the Moon would not go 
exactly over the GC, but still it would trav-
erse a very crowded, very obscured 
region with literally tens of thousands of 
largely unknown infrared sources. We ob-
tained time to perform observations  

of two such passages, one in March and 
one in August �006, for some hours each. 

Obviously it was not possible to observe 
all the occultations: even if each event 
lasts less than a second, significant 
chunks of time are required just to point 
the telescope and to read out the data 
(refer to the ISAAC web pages for some 
typical numbers). After some practice,  
we found a good compromise in which 
each observation would require about 
two minutes. Thousands of frames for 
each cube are analysed and photometry 
is extracted through software masks  
that maximise the SNR by sampling as 
much as possible of the stellar signal and 
as little as possible of the background. 
An example of a lunar occultation data 
cube and the corresponding light curve is 
given in Figure �. The analysis of hun-
dreds of light curves is a tedious task, and 
for this we have developed a data pipe-
line that creates template files for the 
initial data reduction, aimed at a prelimi-

nary estimate for each occultation of 
parameters such as background and 
stellar intensity, rate of lunar limb motion, 
time of the occultations. These param-
eters are subsequently refined in an inter-
active analysis. 

The passages near the Galactic Centre

The reward for these attempts was cer-
tainly satisfactory: we could record 53 
events on �� March, and 71 on 6 August. 
Thanks to the large collecting power  
of Antu, the quality of the data is unprec-
edented and it allowed us to reach new 
standards of sensitivity and precision. 
The VLT mirror is so large that scintillation 
is reduced to a very low level, since dif-
ferences in wavefront amplitude from one 
turbulence cell in the atmosphere to the 
next are averaged out. Figure 3 illustrates 
this quality, by showing the light curves 
for both an unresolved and a resolved star. 

Figure 2: The occultation disappearance of 
�MASS1756090�-�830501. At the top, five frames 
are shown at arbitrary positions in the data cube 
(total 6 000 frames), as marked by the letters a–e. 
The light curve at the bottom has been reconstructed 
by performing a simple aperture photometry on  
each frame, using a mask shown in blue in the first 
frame. Two clearly separated stars are visible, giving 
rise to distinct diffraction patterns. The projected 
separation is 14�3 ± 4 mas, and the brightness ratio 
ΔK = �.96 ± 0.0� mag. This ‘binary’ is in fact too 
wide for occultations: not only are the two stars 
clearly resolved in standard imaging, but the wide 
separation also implies possibly different slopes  
of the lunar limb at the contact point. 

a b c d e

c d e

a

b

Relative time (ms)
6000 6500 7000 7500 8000 8500 9000 9500 10000R

el
at

iv
e 

in
te

ns
ity

 (1
0

0
0 

×
 c

o
un

ts
)

120

100

80

60

40

20

0

Figure 3: The light curves (top, blue) and best fit 
models (black) for �MASS17474895-�835083 and 
�MASS1758�187-�8145��. The bottom panels  
show the fit residuals (red), enlarged by a factor of 
four for clarity. The star on the left is unresolved,  
with an upper limit of the diameter of 0.65 mas. The 
other one is resolved, with an estimated diameter  
of 3.67 ± 0.56 mas. The difference between the two 
cases is in the number and amplitude of the diffrac-
tion fringes.
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A detailed analysis of the observations is 
in preparation, but we can already pro-
vide some general results for the August 
run. We have detected seven binaries, 
five resolved angular diameters and four 
stars with extended emission. It should 
be noted that almost all of our targets 
have no optical counterpart, and in fact 
almost no information is known except 
from that in �MASS. Colours are very red, 
as is to be expected from the high inter-
stellar extinction, but extreme cases (J-K 
up to 8 mag) are also present which point 
to possible strong local reddening. The 
stars with extended emission are particu-
larly interesting, since this is probably  
due to the presence of compact circum-
stellar shells (see Figure 4). We have now 
submitted a proposal to follow up a se-
lected number of sources by adaptive op-
tics observations with NACO, and for 
which we hope to derive a fully consistent 
model of the star and the surrounding 

dust from the combination of occultation, 
AO imaging and photometry.

We also mention that about 50 sources 
were found to be unresolved. This is al- 
so a useful result because it helps to es-
tablish a database of stars with high-
accuracy upper limits that can be in turn 
adopted as calibrators for long-baseline 
interferometry at intermediate and faint 
magnitudes. We have established upper 
limits for the diameters of our unresolved 
sources which vary between 0.5 and  
1.5 mas. We have also evaluated the sam-
ple in terms of SNR against magnitude, 
and we can reliably extrapolate to predict 
that the limiting sensitivity of this method 
at the VLT would be close to K = 1�.5 mag, 
a new record for measurements with 
milliarcsecond resolution. This is fainter 
than even the theoretical performance  
of the VLTI in the combination of � UTs. 
Therefore, occultations with ISAAC at 

UT1 represent at the moment the most 
sensitive technique available for such 
measurements anywhere in the world.

The way is now paved to observe lunar 
occultations in a routine fashion from 
Paranal. In fact, since occultations require 
a minimum amount of time and can be 
observed practically at any moment in 
which the Moon is above the night hori-
zon, they represent an ideal filler pro-
gramme for those occasional chunks of 
time when no other programmes are 
readily available either because of insuffi-
cient atmospheric conditions or because 
of their duration. In addition, the burst 
mode has many applications other than 
occultations by the Moon: phenomena 
that require rapid photometry for sus-
tained periods of time are relatively fre-
quent, and it is now up to the inven-
tiveness and imagination of astronomers 
to find the best applications.

Figure 4: Examples of brightness profiles of stars 
surrounded by what are presumably compact dust 
shells. Left, the carbon star C�490 (�MASS17531817- 
�84949�). Right, �MASS17553507-�841150. In both 
cases, the inner rims of an optically thin shell are 
visible, indicating a non-symmetric structure and a 
characteristic size of about �0 mas.
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Gordon Gillet (ESO) captured this stunning photo  
of a moonset over Paranal. In addition to the four 
main unit telescopes (UTs), the VLT Survey Tele-
scope (VST) is visible at the far right and the small, 
white VLTI auxiliary domes can also be seen.

This image was selected as Astronomical Picture  
of the Day on 4 November �006; see http://antwrp.
gsfc.nasa.gov/apod/ap061104.html
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Until a few years ago the common un-
derstanding was that neutron stars, the 
compact remnants of massive stars, 
have a canonical mass of about 1.4 MA. 
Recent observations with VLT/UVES 
support the view that the neutron stars 
in high-mass X-ray binaries display a 
relatively large spread in mass, ranging 
from the theoretical lower mass limit  
of 1 MA up to over 2 MA. Such a mass 
distribution provides important informa-
tion on the formation mechanism of 
neutron stars (i.e. the supernovae), and 
on the (unknown) behaviour of matter at 
supranuclear densities.

The compact remnants of massive stars

A neutron star is the compact remnant  
of a massive star (M ≥ 8 MA) with a cen-
tral density that can be as high as 5 to  
10 times the density of an atomic nucle-
us. Neutron stars can be detected as 
radio sources (radio pulsars) or, when 
they accrete matter coming from a com-
panion star in a binary system, as X-ray 
sources.

The global structure of a neutron star 
depends on the equation of state (EOS),  
i.e. the relation between pressure  
and density in the neutron star interior 
(Lattimer and Prakash �004). So far,  
the physical properties of matter under 
these extreme conditions can only be 
studied on the basis of theoretical mod-
els. It is not yet possible to produce the 
required extremely high density in ac-
celerator experiments. Given an EOS, a 
mass-radius relation for the neutron  
star and a corresponding maximum neu-
tron-star mass can be derived. The 
‘stiffness’ of the EOS depends e.g. on 
how many bosons are present in mat- 

ter of such a high density. As bosons do 
not contribute to the fermi pressure1, their 
presence will tend to ‘soften’ the EOS. 
For a soft EOS, the maximum neutron star 
mass will be low (~ 1.5 MA); for a high- 
er mass, the object would collapse into  
a black hole. More than 100 candidate 
equations of state are proposed, but only 
one EOS can be the correct one. Find- 
ing one massive neutron star (M ≥ � MA) 
would rule out the soft equations of state.

The measurement of neutron-star masses 
is thus important for our understand- 
ing of the EOS of matter at supranuclear 
densities. In practice, this can only be 
done for neutron stars in binary systems. 
The most accurate masses have been 
derived for the binary radio pulsars. Until 
recently, all of these were consistent  
with a small mass range near 1.35 MA 
(Thorsett and Chakrabarty 1999). An ex-
ception is the X-ray pulsar Vela X-1 with  
a mass of 1.86 ± 0.16 MA (Barziv et al. 
�001). This important result was obtained 
following a nine-month spectroscopic 
monitoring campaign with the ESO Coudé 
Auxiliary Telescope and the CES spec-
trograph, covering 36 orbits of the binary 
system. Over the past year a few more 
massive neutron stars were discovered, 
e.g. the millisecond radio pulsar J0751+ 

1807 with a mass of �.1 ± 0.� MA (Nice et 
al. �005). These results favour a stiff EOS.

A neutron star cannot be more massive 
than 3.� MA, a limit set by general re-
lativity. It is likely that the maximum neu-
tron-star mass is determined by the 
stiffness of the EOS, and is expected to 
be about �.5 MA. Neutron stars also  
have a minimum mass limit. The minimum 
stable neutron-star mass is about 0.1 MA, 
although a more realistic minimum stems 
from a neutron star’s origin in a super-
nova. Lepton-rich proto neutron stars are 
unbound if their masses are less than 
about 1 MA (Lattimer and Prakash �004). 
Whether or not neutron stars occupy the 
full available mass range depends on the 
formation mechanism, i.e. the supernova.

We focus here on the initially most mas-
sive binary systems�, which consist of  
a massive OB-supergiant and a neutron 
star (or a black hole). The main motiva-
tion to concentrate on these systems is 
that they are the most likely hosts of 
massive neutron stars. About a dozen of 
these systems are known; five of them 

Figure 1: Artist’s impression of a high-mass X-ray 
binary hosting a massive OB-type star and a 
compact X-ray source, a neutron star or a black 
hole.

1  The repelling force that neutrons (fermions) exert 
on each other so that a neutron star can sustain 
gravity.

�  About 80 % of the HMXBs are Be/X-ray binaries, 
where the (transient) X-ray source accretes material 
from the equatorial disc around a Be star.
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contain an eclipsing X-ray pulsar. The 
masses of all but one (Vela X-1) are con-
sistent (within their errors) with a value  
of about 1.4 MA. However, most spectro-
scopic observations used for these mass 
determinations were carried out more 
than �0 years ago, before the advent of 
sensitive CCD detectors and 8-m-class 
telescopes, which allow high-resolution 
spectroscopy of the optical companions. 
The uncertainties in the earlier radial 
velocity measurements are too large to 
measure a significant spread in mass 
among these neutron stars, if present.

High-mass X-ray binaries

High-mass X-ray binaries (HMXBs) repre-
sent an important phase in the evolution 
of massive binaries. They are composed 
of a massive OB-type star and a com-
pact object, either a neutron star or a 
black hole (Figure 1). The X-ray source is 
powered by accretion of material origi-
nating from the OB star, transported by 
the OB-star wind or by Roche-lobe over-
flow. About a dozen HMXBs are known  
to host a massive OB-supergiant com-
panion (about 10 to over 40 MA), in a rela-
tively tight orbit (Porb several days) with  
an X-ray pulsar or black-hole companion 
(Table 1). Some of these X-ray binaries 
include a dense accretion disc and pro-
duce relativistic jets. Recently, several 
new sources have been discovered with 
the ESA gamma- and hard-X-ray observ-
atory INTEGRAL that show the character-
istics of a HMXB with an OB-supergiant 
companion hidden by large amounts  
of interstellar dust (e.g. Negueruela et al. 
�005); these are not included in the table.

The compact companion is the remnant 
of the initially most massive star in the 
system that exploded as a supernova. 
Due to a phase of mass transfer, the sec-
ondary became the most massive star in 
the system before the primary supernova, 
so that the system remained bound. A 
consequence, however, is that HMXBs 
are runaways due to the kick velocity 
exerted by the supernova (Blaauw 1961). 
When they run through space with super-
sonic velocity, the interaction of the OB-
supergiant wind with the interstellar me-
dium can result in the formation of a bow 
shock (see also The Messenger 89, �8).

The HMXB phase is relatively short for 
OB-supergiant systems, of the order of 
10 000 years. This corresponds to the 
time required for the secondary to evolve 
into a supergiant when the hydrogen in 
the nucleus has been exhausted. As soon 
as the secondary has become an OB-
supergiant it develops a strong stellar 
wind. The accretion of wind material turns 
the compact object into an observable  
X-ray source. Once the supergiant starts 
to overflow its Roche lobe, the mass 
transfer rate increases further so that an 
accretion disc is formed around the com-
pact object, turning it into a very strong 
X-ray source accreting at the Eddington 
limit. Soon after, the increasing mass 
transfer rate causes the system to enter  
a phase of common-envelope evolution 
swamping the X-ray source and finally 
causing the compact object to spiral into 
the OB-supergiant.

From this stage on the evolution of the 
system can proceed in different ways, 
depending on the orbital separation. In  
the relatively wide Be/X-ray binaries the 

spiral-in likely results in the removal of  
the envelope of the Be companion, and 
after the (second) supernova a bound  
(or disrupted) double neutron star re-
mains, like the Hulse-Taylor binary pulsar 
PSR 1913+16 (or a neutron star – white 
dwarf system, if the mass of the Be com-
panion is less than 8 MA). In HMXBs with 
an orbital period less than about a year 
the compact object will enter the core of 
the OB companion which will become  
a Thorne-Zytkow object, a red supergiant 
with a high mass loss rate. These ob-
jects have been predicted on evolutionary 
grounds, but have so far not been recog-
nised as such.

Table 1 lists the basic properties of the 
HMXBs with OB-supergiant compan- 
ions in the Milky Way and the Magellanic 
Clouds. Most sources contain an X-ray 
pulsar; the pulse period (i.e. rotation pe-
riod of the neutron star) is short and the 
X-ray luminosity high (LX ~ 1038 erg s–1)  
in systems undergoing Roche-lobe over-
flow due to the higher mass- and angular-
momentum accretion rate. The latter sys-
tems also have circular orbits, while  
the wind-fed systems have eccentricities 
up to e = 0.45 (GX301-�, Kaper et al. 
�006) and an X-ray luminosity LX ~ 1035 – 
1036 erg s–1.

Neutron stars versus black holes

In Figure � the mass distribution of neu-
tron stars and black holes is shown, 
based on measurements collected from 
the literature (Stairs �004, McClintock 
and Remillard �005). The neutron stars 
occupy a relatively narrow mass range 
near 1.4 MA. The most accurate neutron-

Kaper L. et al., Measuring the Masses of Neutron Stars

Name

�S0114+650

SMC X-1

LMC X-4

Vela X-1

Cen X-3

GX301-�

4U1538-5�

4U1700-37

4U1907+09

LMC X-3

LMC X-1

LS5039

SS433

Cyg X-1

Spectral Type

B1 ia 

B0 ib 

O7 iii– iv

B0.5 ib 

O6.5 ii– iii

B1.5 ia+ 

B0 iab 

O6.5 iaf+ 

early B i

B3 ve

O7-9 iii

O6.5 v((f)) 

A3-7 i

O9.7 iab

MOB (MA)

16 ± 5

15.7 ± 1.5

14.5 ± 1.0

�3.8 ± �.4

�0.� ± 1.8

40 ± 10

16 ± 5

58 ± 11

~ �7

~ 6

~ �0

�0–35

11 ± 3 

18 ± 6

MX (MA)

1.7 ± 0.5

1.06 ± 0.11

1.�5 ± 0.11

1.86 ± 0.16

1.34 ± 0.16

1.9 ± 0.6

1.1 ± 0.4

�.4 ± 0.3

~ 1.4

6–9

4–10

1.4 ± 0.4

�.9 ± 0.7

10 ± 5

Porb (d)

11.6

3.89

1.40

8.96

�.09

41.5

3.73

3.41

8.38

1.70

4.��

4.43

13.08

5.60

Ppulse (d)

860

0.71

13.5

�83

4.84

696

5�9

438

Table 1: High-mass X-ray binaries with OB-super-
giant companion in the Milky Way and the Magellan-
ic Clouds (ordered according to right ascension). 
The name corresponds to the X-ray source, the 
spectral type to the OB-supergiant. For the systems 
hosting an X-ray pulsar the masses of both binary 
components can be measured (given an estimate of 
the inclination of the system). The last five systems 
most likely contain a black-hole candidate; for the 
Galactic sources among them relativistic jets have 
been detected.
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star masses have been derived for the 
binary radio pulsars (NS-NS binaries), 
with an average mass of 1.35 ± 0.04 MA 
(Thorsett and Chakrabarty 1999). The  
X-ray pulsars (NS-X-ray binaries) show a 
somewhat larger mass range, extending 
both below and above 1.35 MA. Besides 
Vela X-1, also a high mass is claimed  
for the system 4U1700-37 (�.4 ± 0.3 MA, 
Clark et al. �00�), although the X-ray 
source is, contrary to Vela X-1, not an  
X-ray pulsar (and perhaps a low-mass 
black hole).

The estimated masses of black-hole can-
didates are substantially larger (8.4 ±  
�.0 MA) than those measured for neutron 
stars. This suggests that neutron stars 
and black holes are formed in different 

ways. If, for example, black holes are the 
result of ‘failed’ supernovae in which  
the stellar mantle is not blown away, but 
accretes onto the compact remnant,  
one would expect a significant difference 
in mass between neutron stars and black 
holes. However, if the mass of the (proto) 
neutron star is increased by the fall back 
of material which was located outside  
the collapsing degenerate Fe core of the 
exploding star, one would predict that 
neutron stars would occupy a range  
in mass, up to the maximum neutron-star 
mass allowed by the equation of state. 
Certainly in the binary radio pulsars such 
a mass distribution is not observed.  
With the recent evidence that a black hole 
may be formed during the collapse of  
a massive star in a gamma-ray burst (see, 

e.g., The Messenger 109, 37, and this is-
sue, page 16) the hypothesis would be 
that neutron stars are formed in ‘ordinary’ 
supernovae, while black holes originate in 
gamma-ray bursts.

VLT/UVES observations

If the HMXB hosts an X-ray pulsar, its 
orbit can be very accurately determined 
through pulse-timing analysis. When  
the radial-velocity curve of the OB-super-
giant is also obtained, the mass of the 
neutron star and that of the massive star 
can be derived with precision, given an 
estimate of the system inclination. In sys-
tems showing an X-ray eclipse the in-
clination must be larger than i ~ 65˚. For 
Roche-lobe overflow systems a valid 
assumption is that the OB-supergiant is 
in corotation with the orbit, which pro-
vides a strong constraint on the system 
inclination.

Van der Meer et al. (�006) have analysed 
the radial-velocity curves of the three 
known OB-supergiant systems with an 
(eclipsing) X-ray pulsar undergoing 
Roche-lobe overflow. These systems are 
Cen X-3, the first detected binary X-ray 
pulsar (Giacconi et al. 1971) in the Milky 
Way; LMC X-4 in the Large Magellanic 
Cloud; and SMC X-1 in the Small Magel-
lanic Cloud. The OB-supergiant coun-
terparts to these X-ray pulsars have  
V magnitudes in the range 13–14. Other 
properties of these systems are listed  
in Table 1. High spectral resolution (R ~ 
40 000) and high signal-to-noise spectra 
of these systems have been obtained  
with VLT/UVES, covering 1� epochs 
evenly spread over the (circular) orbit of 
the system.

To obtain a radial-velocity measurement, 
often the complete spectra are cross 
correlated with a template spectrum. This 
approach has many advantages when 
using spectra with relatively low spectral 
resolution and poor signal to noise. In  
our case the spectra are of such high 
quality (Figure 3) that the radial-velocity 
amplitude can be determined for each 
line separately (Figure 4). The advantage 
of such a strategy is that it is possible  
to assess the influence of possible distor-
tions due to e.g. X-ray heating and grav-
ity darkening, as in these systems the 

BH binaries

NS X-ray binaries

NS-NS binaries

NS-WD binaries

0422+32
0620−003
1009−45
1118+480
1124−684
1543−475
1550−564
1655−40
1705−250
1819.3−2525
1859+226
1915+350
2000+251
2023+338
LMC_X-3

LMC X-4
Cen X-3

SMC X-1
Cyg_X-1
LMC_X-1

4U 1700−37

4U 1538−52
Vela X-1

Her X-1
Cyg X-2
XTE J2123−058
2A 1822−371
1518+49
1518+49
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Figure 2: Neutron-star and black-hole masses 
obtained from the literature (Stairs �004, McClintock 
and Remillard �005, and references therein). The 
neutron stars, especially the binary radio pulsars (at 
the bottom), occupy a relatively narrow mass range 
near 1.35 MA. The X-ray pulsars (to the middle)  

show a wider spread, including two systems with a 
neutron-star mass near � MA. Such a high neutron- 
star mass would rule out a soft equation of state. 
The black-hole candidates (at the top) are significant-
ly more massive, indicative of a different formation 
mechanism.



OB-star is irradiated by a powerful X-ray 
source and is filling its Roche lobe. For 
more details on the applied methods we 
refer to Van der Meer et al. (�006).

The resulting masses are 1.06 ± 0.11 MA 
for SMC X-1, 1.�5 ± 0.10 MA for LMC X-4, 
and 1.34 ± 0.16 MA for Cen X-3 (at a  
1s confidence level), i.e. an improvement 
in accuracy by at least a factor of two. 
Whereas some HMXBs have shown  
to host a neutron star with a mass higher 
than 1.4 MA, as is the case for Vela X-1 
and possibly 4U1700-37, the mass of 
SMC X-1 is low, just above the minimum 
neutron-star mass of ~ 1 MA, and signifi-
cantly different from the mass of Vela X-1. 
We thus conclude that the neutron stars 
in HMXBs have different masses, i.e. they 
do not all have the same canonical mass.

The three studied systems do not host a 
massive neutron star. Following the 
hypothesis that the mass of the compact 
remnant depends on the mass of the 
progenitor star, one would conclude that 
the progenitors of the neutron stars in 
these systems had a relatively low mass, 
especially the progenitor of SMC X-1  

Kaper L. et al., Measuring the Masses of Neutron StarsReports from Observers

(M ≤ 14 MA). A reconstruction of the evo-
lutionary history of this binary system 
shows that this is possible (Van der Meer 
et al. �006). Initially, the system would 
have contained a 13 MA and a 9 MA star. 
The nuclear burning rate of the 13 MA 
star is fastest, so that it will have reached 
the end of nuclear hydrogen burning  
first. When it starts to become a super-
giant, it starts overflowing its Roche lobe, 
so that the companion 9 MA star will 
receive mass and becomes a 16 MA star 
(i.e. the current mass of the B super- 
giant companion to SMC X-1, neglecting 
the mass that the supergiant has lost  
due to its stellar wind). The current short 
orbital period of the system (3.89 d) in-
dicates that during this process of mass 
transfer the system must have lost an-
gular momentum (otherwise the orbit 
would have become much wider), but not 
much mass.

Our current hypothesis is that the lowest- 
mass neutron star (e.g. SMC X-1) is  
the end product of a massive star in the 
range of about 8 to 14 MA (stars with a 
mass less than 8 MA do not explode as a 
supernova). Neutron stars with a mass 

near 1.3 MA are produced by progenitors 
in the range 14 to 19 MA. The most mas-
sive neutron stars, like Vela X-1, come 
from stars with an initial mass higher than 
19 MA. The apparent lack of low-mass 
black holes (M ~ 3 MA) suggests that 
black holes are formed by a different 
mechanism than neutron stars, e.g. a 
gamma-ray burst rather than a supernova.

Acknowledgement

This research has been supported by the Dutch 
Research School in Astronomy (NOVA).

References

Barziv O. et al. �001, A&A 377, 9�5
Blaauw A. 1961, Bull. Astr. Inst. Neth. 15, �65
Clark J. S. et al. �00�, A&A 39�, 909
Giacconi R. et al. 1971, ApJ 167, L67
Kaper L., Van der Meer A. and Najarro P. �006,  
 A&A 457, 595
Lattimer J. M. and Prakash M. �004, Science 304, 
 536
McClintock J. E. and Remillard R. E. �006, in  
  “Compact Stellar X-Ray Sources”,  

Cambridge University Press, astro-ph/0306�13
Nice D. et al. �005, ApJ 634, 1�4�
Stairs I. H. �004, Science 304, 547
Thorsett S. E. and Chakrabarty D. 1999, ApJ 51�, �88
Van der Meer A. et al. �006, A&A, submitted

220

210

200

190

180

170

160

150

5

0

−5

0 0.5 1 1.5

re
s

K
0 
(k

m
 s

−1
)

∅
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Figure 4: Radial-velocity curve of the B-supergiant 
companion to SMC X-1 based on the measurement 
of a single line (hydrogen Balmer �–10). The result-
ing radial-velocity amplitude of the B supergiant is 
�0.� ± 1.� km s–1. Combined with the mass function 
of the X-ray pulsar and the system inclination of  
67 ± 5 degrees a neutron star mass of 1.06 ± 0.1 MA 
is obtained. This makes SMC X-1 the lowest mass 
neutron star known (from Van der Meer et al. �006). 
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The turbulent region around the ring-
shaped nebula DEM L 299 in the 
Large Magellanic Cloud. Colour com-
posite based on images obtained 
with the Wide-Field-Imager (WFI) at 
the ESO/MPG 2.2-m telescope at  
the La Silla Observatory. (From ESO 
Press Photo 34a/04)
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Telescopes and Instrumentation
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CRIRES is a cryogenic, pre-dispersed, 
infrared echelle spectrograph designed 
to provide a nominal resolving power  
l /Dl of 105 between 1000 and 5 000 nm 
for a nominal slit width of 0.2 ?. The 
CRIRES installation at the Nasmyth fo-
cus A of the 8-m VLT UT1 (Antu) marks 
the completion of the original instru-
mentation plan for the VLT. A curvature 
sensing adaptive optics system feed  
is used to minimise slit losses and to 
provide 0.2 ? spatial resolution along the 
slit. A mosaic of four Aladdin InSb-ar-
rays packaged on custom-fabricated 
ceramic boards has been developed. It 
provides for an effective 4 096 × 512 pix-
el focal plane array to maximise the free 
spectral range covered in each expo-
sure. Insertion of gas cells is possible in 
order to measure radial velocities with 
high precision. Measurement of circular 
and linear polarisation in Zeeman sen-
sitive lines for magnetic Doppler imag-
ing is foreseen but not yet fully imple-
mented. A cryogenic Wollaston prism 
on a kinematic mount is already incor-
porated. The retarder devices are lo-
cated close to the Unit Telescope focal 
plane. Here we briefly recall the ma- 
jor design features of CRIRES and de-
scribe the commissioning of the instru-
ment including a report of extensive 
laboratory testing and a preview of as-
tronomical results. Thanks to the strong 
efforts of the CRIRES commissioning 
team and all other ESO staff involved, it 
was possible to include the instrument 

in the general ESO call for proposals for 
Period 79.

The CRIRES spectrograph is the last in-
strument of the first-generation VLT instru-
mentation plan (D’Odorico et al. 1991). It 
was included in the very first call for VLT 
instruments in 1989. Then several options 
for this instrument were discussed dur-
ing the Workshop on High Resolution 
Spectroscopy with the VLT held at ESO in 
1992 (Ulrich 1992). By then, however, in-
frared astronomy had just left behind the 
era of single-pixel detectors. In fact in 
those days there was even a strong case 
to build a Fourier-transform spectrome-
ter, rather than a grating spectrograph. 
The small detector formats of those days 
would have left a grating spectrograph 
with a rather limited spectral coverage. 
The trade-offs then were analysed in 
some detail at ESO. By 1997, however, de-
tector formats and the respective perfor-
mance had developed sufficiently to se-
cure the formal inclusion of CRIRES in the 
VLT instrumentation plan. The CRIRES 
instrument is an entirely ESO internal pro-
ject. The instrument team was advised, 
as for all other VLT instruments, by a spe-
cific science team1. As there was some 
competition for the limited resources with-
in ESO, the project proceeded slowly but 
steadily. Finally the instrument had its  
real start in 1999. The preliminary design 
review (PDR) was held in April 2000 and 
the final design review (FDR) took place in 
October 2001. Assembly and integra- 
tion progressed and in January 2005 the 
team celebrated ‘first light’ in the labo-
ratory. For the rest of 2005 the team was 
busy bringing the spectrograph in line 
with specifications, understanding and 
fixing many problems. Finally, in Decem-
ber 2005 the two independent subsys-
tems of CRIRES, the vacuum vessel with 
the cryogenic assembly and the adaptive 
optics part, were merged and integrated. 
This marked the start of end-to-end test-
ing. Since then nearly all tests required to 
pass the Preliminary Acceptance Europe 
(PAE) review could be performed. CRIRES 
was then again split and the adaptive 
optics part sent to Paranal to be commis-

sioned independently (c.f. Käufl et al. 
2006). Meanwhile the cryostat underwent 
last modifications and tests to arrive at  
a state that also the basic spectrograph 
was itself ready for the review proc- 
ess. The PAE review meeting was held  
on 13 April 2006 and the green light for 
shipping – after completing the essentials 
from the action item list – was granted  
on 25 April. Thereafter, in a process 
which in retrospect resembles a miracle, 
CRIRES was literally ripped to pieces, 
packed, collected by the shipper in Gar-
ching on 28 April and shipped to Paranal 
to arrive in record time. Unpacking could 
commence on 7 May, only nine days 
later. The cryostat was pre-erected in the 
laboratory, while the (heavy) instrument 
support was mounted immediately direct-
ly to the Nasmyth platform of UT1. In 
spite of the extremely fast packing, ship-
ping and unpacking not even minor trans-
port damage was encountered. The in-
strument was then tested for two weeks 
in the integration lab of the VLT control 
building. Laboratory testing ended on  
25 May and, after warm-up of CRIRES, a  
few minor last-minute changes were ap-
plied. CRIRES was then transferred to its 
final location for the foreseeable future, 
the Nasmyth platform A of UT1 (Figure 1).

Main characteristics

Figure 2 shows the general layout of 
CRIRES and Figure 3 gives an impression 
of the cryogenic instrument. The instru-
ment main characteristics are summa-
rised in Table 1. The instrument and its 
operations concept have been described 
in some detail by Käufl et al. 2004. For 
the latest state the reader is referred to 
the CRIRES User’s manual: http://www.
eso.org/instruments/crires/

For calibration a physical model approach 
has been taken. In spite of the crowded 
scheme, as shown in Figure 2, CRIRES is 
from the model point of view rather sim-
ple: once the telescope/slit-viewer scale 
in the slit-plane have been calibrated, the 
pre-slit optics has no real influence any-
more on spectral and spatial calibration. 
It it thus not part of the model. The pre-
disperser can be easily represented by a 
re-imager with a magnification close to 
unity and, according to the optical design 
calculations, negligible distortion. The 

Good Vibrations: 
Report from the Commissioning of CRIRES

1  The members of the CRIRES science team are: 
Catherine de Bergh, Meudon; Ewine van Dishoek, 
Leiden; Bengt Gustafsson (chair), Uppsala;  
Artie Hatzes, Tautenburg; and Ken Hinkle, Tucson.
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Figure 1: CRIRES at its final destination, the 
Nasmyth platform A of UT1 (Antu). It is still amaz- 
ing that even a rather big instrument is literally 
dwarfed by the VLT. On the right side of the blue 
Nasmyth adaptor the ‘black box’ holding the de-
rotator and the MACAO adaptive optics system can 
be seen. Below this box are calibration lamps and  
an integrating sphere. Inside the box is a motorised 
linear stage to position the gas cells, the retarder 
plates and other auxiliary optical elements. The gray 
cylindrical structure is the vacuum vessel contain- 
ing the instrument cryogenic opto-mechanical as-
sembly. CRIRES is cooled to ~ 65 K.

de-rotator
telescope

deformable mirror

CRIRES

wavefront
sensorslit viewer

pre-disperser

detector mosaic

echelle grating

3 mirror TMA
collimator/camera

focal reducer

dichroic window

slit
pupil + filter

Figure 2: The CRIRES optical design. The VLT 
Nasmyth focus (f/15) is close to the first mirror of  
the de-rotator assembly. There is a calibration unit 
(neon arc-lamp, ThAr hollow cathode lamp, a 
halogen lamp and an infrared glower in combination 
with an integration sphere) for flat fielding and 
spectral calibration. In addition, a selection of gas 
cells can be moved into the beam for calibration  
and for search for very small radial velocity changes 
similar to the Iodine-cell technique applied in opti- 
cal spectrographs. Instead of the gas cells retarders 
in a motorised mount can be placed to use CRIRES 
for spectro-polarimetry (see text). The de-rotator  
is followed by the curvature sensing adaptive optics 
system with the deformable mirror on a kinematic 
gimbal mount. The entrance window to the cryostat 
is a dichroic, separating the visible light with high 
efficiency for the AO wavefront control. The entire 
optical bench is cooled by three closed cycle cool-
ers to ~ 65 K. The pre-slit optics of CRIRES con-
sists of an all-reflective re-imager with a cold-pupil 
stop, reducing the f-ratio to an ~ f/7.5. Close to  
the cold pupil a Wollaston prism (MgF2) can be in-
serted, eventually with a linear polariser compensat-
ing instrumental polarisation. The slit-viewer has a 
BaF2/Schott N-SF56 doublet as an objective giving a 
pixel scale of ~ 0.05 arcsec/pixel and an unvignetted 
field of view of 25 × 50 arcsec2. The main slit is 
continuously adjustable up to several arcsec with a 
closed-loop encoder controlling the slit separation. 
The pre-disperser has a collimated beam diameter 
of 100 mm and uses a ZnSe prism in retro-reflection. 
The collimator mirror can be slightly tilted with a 
piezo for vernier adjustment to compensate for stick-
slip effects in the grating and the prism drives. Order 
selection in the pre-dispersed spectrum is provided 
by a second intermediate slit located close to the 
small folding mirror next to the pre-disperser. The 
main collimator, a three-mirror anastigmat, produces 
a 200-mm collimated beam which illuminates an R2 
Echelle grating (31.6 gr/mm). 
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ZnSe-prism refractive index is parameter-
ised with a Sellmeier formula. These 
parameters have been measured at oper-
ating temperature using the CHARMS 
facility at NASA-GSFC. Using (or one 
might even say abusing) CRIRES, the co-
efficients have been verified in the range 
~ 60–80 K. To have a sufficient line 
density, the ThAr infrared spectrum has 
been explored and a corresponding 
hollow cathode lamp has been incorpo-
rated into the instrument (Figure 4). Us-
ing this facility as well as the N2O gas cell 
the physical model is being calibrated. 
This model will soon be available within 
the instrument pipeline. These modelling 
efforts are based on established princi-
ples developed for Echelle spectrographs 
and have been applied previously to other 
ESO instruments (e.g. UVES).

Figure 5 shows the detector mosaic that 
is the ‘eyes’ of CRIRES. 

Summary of status

At this point CRIRES is provisionally com-
missioned. While the activities in August 
2006 and the first science verification 
observations were still plagued with align-
ment and focus problems, all these 
issues were solved in a final – at least for 
the moment – intervention to the instru-
ment in September. The major specifica-
tions are met and the performance has 
been re-checked at the telescope. The 
details are condensed into the CRIRES 
exposure time calculator. However, al-
ready after the second commissioning 
run in August 2006, which was followed 
by four nights of early science verifica-
tion observations, CRIRES and the asso-
ciated software and documentation  
had reached a status which made it pos-
sible to include the instrument, basically 
unrestricted, in the regular call for pro-
posals for Period 79. Many thanks go at 
this point to the colleagues who parti-
cipated in the two calls for science verifi-
cation and who have provided the team 
with valuable feed-back. The response 
from the community to the very first regu-
lar call was quite encouraging: more  
than 60 proposals asking for more than 
160 nights!

In spite of all the efforts of the team, there 
is still a long list of action items to be 
completed. Fortunately, this list does not 
contain show-stoppers. Moreover,  
there is some room for improvements to 
the instrument. In the coming months  
the team will gradually work on the action 
item list, and CRIRES users can ex- 
pect that the instrument performance will 
slightly improve its use. 

Before the start of observations in Peri-
od 79 there will be one final commission-
ing run and a third call for science verifi-
cation proposals. In parallel with the final 
commissioning and to the start of opera-
tions the polarimetric mode will be imple-
mented, including a calibration module 
allowing to rigorously calibrate the instru-
ment such that all four Stokes parameters 
can be measured. This will happen ‘invis-
ibly’ for operations and first astronomi- 
cal commissioning of spectropolarimetry 
is planned around August or Septem- 
ber 2007. A detailed description of the 
polarimetric mode including its scienctific 
potential is given in Käufl et al. 2003.

Figures 6, 7 and 8 give some typical ex-
amples of data taken during commission-
ing and science verification observations.

Figure 3: The CRIRES vessel open: a view to the 
interior of the cyrostat. On the circumference of the 
vacuum vessel two of the three cryo-coolers can  
be seen and next to the red safety valve there is the 
vacuum pump. To achieve the stability goal the in-
strument support and the radiation shield are ther-
mally stabilised. Inside the radiation shield (round 
cylindrical shape, covered by ‘super-insulation’) there 
is the separate light shield (complex shiny structure). 
To avoid radiation leaks at the shield level, all cables 
are fed through with connectors, some of which can 
be seen on the photo. The optics itself is configured 
in two sub-assemblies. In the centre of the image 
there is the trapezoidally shaped ‘Three-Mirror-Anas-
tigmat’ assembly (TMA), the main spectrograph.  
The grating is below the TMA structure and hence 
invisible. On the upper left side to the TMA there  
is the assembly holding pre-optics and prism pre-
disperser. In the state the instrument is shown, all 
detectors, all sensors and motors are easily acces-
sible. Thus CRIRES is relatively easy to maintain.

Telescopes and Instrumentation Käufl H. U. et al., Good Vibrations: Report from the Commissioning of CRIRES

Spectral coverage

Spectral resolution

Array detector mosaic

Dark current

Infrared slit viewer

Precision

Intrinsic stability goal

Adaptive optics

Spectro-polarimetry in lines

Cryogenic system

l ~ 950–5 300 nm (n ~ 56–315 Thz)

l/Δl ≈105 or Δv ≈ 3km/s 
(2 pixel Nyquist sampling)

4 × 1024 × 512 Aladdin III InSb mosaic,
therefore instantaneous l-coverage > 2.0 %
pixel scale 0.1? per pixel

0.05–0.1 e–/s per pixel

Aladdin III InSb with J, H and K-filters
0.05 arcsec/pixel

for calibration and stability (goal) ~ 75m/s
i.e. 1/20th of a pixel or 5 mas tracking error

spectrograph << 75m/s
preference in design was given to stability
therefore gas cells for high-precision radial 
velocity work

curvature sensing ESO-MACAO system
60 sub-apertures, R-band wavefront sensor

goal to measure all four Stokes parameter
l/4 Fresnel rhomb and l/2 plate in rotary mounts 
on the gas-cell slide 
cold kinematic MgF2 Wollaston prism in fore-
optics

three closed-cycle coolers to reach 65 K
liquid Nitrogen pre-cooling system

Table 1: Main characteristics of CRIRES.
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Science with CRIRES
 
To have an optimum match between the 
scientific requirements and the Procrus-
tes’ bed of technical constraints, a sec-
ond scientific workshop was organised in 
November 2003 at ESO on “High Reso-
lution Infrared Spectroscopy in Astron-
omy” (Käufl et al. 2005). This workshop 
confirmed, that CRIRES is a long awaited 
unique observing facility, to which there 
will be a great demand in astronomy 
ranging from the inner Solar System to 

Figure 5: CRIRES spectrograph detector assembly: 
The four Aladdin III detectors comprising the spec-
trograph focal plane in their mount. The detectors 
have been taken out of their original sockets and 
hybridised to custom-made ceramic boards. In this 
way the requirement of very high mechanical and 
thermal stability as well as a minimal gap between 
detectors (nominally 283 pixel) was achieved. While 
the complete assembly can be adjusted relative to 
the TMA-housing, the individual detectors – for rea-
sons of stability – have not been mounted with 
means for relative adjustment. From each of the four 

1k × 1k arrays the best two 512 × 512 quadrants  
are being used. Thus the two central detectors are 
being read perpendicularly to the dispersion direc-
tion while the devices left and right are read paral- 
lel to the dispersion direction. The effective useful 
area of the detector is ~ 5 000 × 512 pixel which cor-
responds to an instantaneous coverage of a wave-
length interval ~ 2.5 % of the central wavelength.  
As the detector focus can only be changed by man-
ual intervention it is intrinsically quite stable, but  
it required an iterative process of thermal cycles for 
final alignment.
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Figure 4: ThAr sample spectrum:  
The extracted spectrum corresponds 
to one of the four detectors and is a 
representative example of the line den-
sity. While the frequencies of the 
strongest lines have been measured 
with high precision in collaboration 
with NIST (F. Kerber, catalogue in prep-
aration) the weaker lines will be ca-
talogued with CRIRES and ways to 
measure their frequencies equally pre-
cisely have to be explored.
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Figure 6: CRIRES as an adaptive optics pseudo 
imager: This K-band image was obtained using the 
MACAO adaptive optics system and the CRIRES  
slit-viewer camera. At the centre is the galactic H ii 
region W33A (North is up, East to the right). To ac-
commodate the very high dynamic range of this 
image a logarithmic intensity scale has been chosen. 
The insert shows the centre region with a different 
scale. It is remarkable to see in this image a dark 
lane South of the main source which is aligned with 
Maser spots reported in literature (data courtesy  
R. Siebenmorgen, K. Menten and the CRIRES sci-
ence verification team). CRIRES is of course not 
meant to be a competitor to dedicated AO-imagers 
especially as the spatial sampling is only 0.05? per 
pixel. However users can expect, if required, this 
kind of quality imaging to record the exact location of 
the spectrograph entrance slit.

damped Lyman-a absorption systems. 
Correspondingly diverse were the many 
proposals received for science verifi-
cation, and even new projects have 
emerged, which were not on the horizon 
at the time of the workshop in Garching.

While the frequency range accessible to 
CRIRES contains many atomic transi-
tions, which match or complement opti-
cal observations very well, the really  
new features to be observed with CRIRES 
are molecular rotational-vibrational tran-

sitions. As many of these lines are seen in 
absorption while intrinsically quite nar-
row, the spectral resolution is an absolute 
must. CRIRES has a resolution nearly 
three times that of the next competing in-
strument and thus in many cases will  
be three times more sensitive. Thus many 
new discoveries can be expected. It 
should be noted, however, that any infra-
red observer nolens volens does high-
resolution infrared spectroscopy as the 
infrared active trace-gases of our atmos-
phere provide for an extremely high-res-
olution quasi statistical narrow-band filter 
(Figure 8). A rigorous calibration of tellu-
ric effects is often only possible if the tel-
luric lines are resolved, irrespective of the 
resolution required for the astrophysical 
object under study. 
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Figure 7: Sample spectrum from W33A: The sample 
spectrum is taken in the centre of the CO-funda-
mental band. It corresponds to a fraction of one of 
the four detectors. The solid line is the spectrum 
from the compact H ii region and the gray line is a 
reference star to illustrate the telluric absorption.  
The W33A spectrum has been corrected as well as 
possible for the telluric absorption. The parabolic 
shape of the continuum from W33A is due to CO ice. 
As can be seen from the standard star, our local at-
mosphere also contains CO, however a bit Doppler-
shifted. The local telluric CO is saturated, so that a 
correction in the centre of the lines is not possible. 
To be able to get good and useful data, i.e. data 
which can be calibrated, the CRIRES exposure time 
calculator has a tool to predict the telluric absorp-
tion taking into account the exact circumstances of 
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Figure 8: Sample spectrum of an active galaxy:  
The top spectrum shows a coronal line observed 
with CRIRES during commissioning originating  
from eight times ionised Silicon at 3 942 nm. This line 
has an intrinsic width of 54 km/s. One may wonder 
what could be the ‘added value’ of such an ob-
servation with a resolution of 1.5 km/s per pixel. The 
answer comes from looking at the raw data in the 
bottom figure, which shows the interfering telluric 
absorption spectrum. The Si ix line falls into a band of 
quite narrow telluric molecular absorption features. 
Only when resolving the telluric lines is it possible to 
correct for them. In other words, when observing 
this particular line with ten times lower resolution one 
would get both the equivalent width and the centre 
of gravity and thus the redshift wrong. 

Figure 9: The happy 
commissioning team – 
at least most of them – 
shortly after first light in 
the VLT control room.
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Conclusion and outlook

With CRIRES the ESO VLT first-genera-
tion instrumentation plan has been com-
pleted. CRIRES fills a large gap in the 
parameter map. It complements space 
astronomy very well, because high-reso-
lution observations from the ground 
complement satellite observatories such 
as HST, Spitzer or the planned JWST. 
While CRIRES was built at ESO, the de-
tector technology has progressed, so 
that a speedy detector upgrade is being 
investigated. This, together with other 
measures, will ensure significant further 
improvements of performance. 

CRIRES will also be very valuable to as-
sess and prepare the science case for  
a similar instrument for the European Ex-
tremely Large Telescope project, which  
is presently taking its first steps.
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the observations. For this sample spectrum, the 
Doppler shift is approximately 50 km/s. This needs 
to be compared with the orbital component of the 
Earth, i.e. the orbital velocity projected on the line  
of sight to the target which can be as much as  
+/-30 km/s. In that sense the exact timing of obser-
vations matters, and must be part of the planning 
process when preparing a proposal or observing 
blocks from P2PP. The CO spectrum will provide for 
new and extremely detailed constraints on the con-
ditions of the molecular cloud surrounding this H ii 
region (data courtesy R. Siebenmorgen, K. Menten 
and the CRIRES science verification team). CO,  
by the way, is the most abundant molecule in the 
Universe, which can be regularly observed (i.e. it 
emits dipole radiation).
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Just as adaptive optics reduces the 
image blur induced by the atmosphere 
in conventional single telescope obser-
vations, Fringe Tracking, or co-phas- 
ing, reduces the blur in interferometric 
observations. We present the status  
of the VLTI after the deployment by the 
Interferometer Task Force of new beam 
quality control tools, which enabled  
the UTs and ATs to be co-phased, using 
FINITO as a fringe sensor.

Co-phasing the VLTI consists in cance-
ling the Optical Path Length Difference 
(OPD) from the observed astronomical 
source to the instrument detector via  
the different telescopes of the array. The 
OPD depends on the geometry of the ar-
ray and on the observation line of sight 
and changes with time at a typical rate  
of 1 cm/sec due the Earth’s diurnal rota-
tion. These changes are compensated 
internally by the Delay Lines, consisting of 
retro-reflectors mounted on carriages 
positioned along 60 m long rails and re-
flecting the collimated beam towards the 
re-combining laboratory. 

In addition to the large and predictable 
geometric changes, the atmospheric tur-
bulence introduces random OPD per-
turbations with amplitude of 10 μm, and 
the telescope infrastructures generate 
vibrations up to 100 Hz that propagate to 

the optics with an amplitude of one mi-
cron. Without Fringe Tracking, these 
perturbations limit the maximum integra-
tion time of scientific instruments to a  
few milliseconds. The purpose of Fringe 
Tracking is to stabilise the OPD within a 
fraction of the observing wavelength (goal 
100 nm rms) in order to increase the sci-
entific detector integration time and reach 
dimmer targets.

FINITO is an OPD sensor, operating in the 
H-band (1.65 μm). It generates fringes 
modulated in time by means of an internal 
OPD modulation. The synchronous detec-
tion of the phase shift between the ob-
served fringe and the applied modulation 
provides an estimation of the OPD error. 
As any decent rejection of the atmopher-
ic OPD requires a closed-loop control 
bandwidth of a few tens of Hz, a modula-
tion frequency of a few hundreds Hz is 
needed with a typical detector sampling 
rate of 1 kHz.

FINITO was delivered in 2003 but Fringe 
Tracking could not be demonstrated at 
commissioning. In April 2005, an Interfer-
ometer Task Force (ITF) was set up at the 
Paranal Observatory to investigate the 
feasibility of Fringe Tracking with FINITO. 
Several failure causes were identified: 
Delay Line rail alignment errors, pointing 
errors induced by the internal turbulence 
downstream of the Adaptive Optics  
and intermittent explosions of the stellar 
images caused by saturations of the 
Adaptive Optics Deformable Mirror (DM). 
In addition, the impact of vibrations  
was beyond a mere degradation of the 
performance as it distorted the modu-
lated fringe to a point that phase estima-
tion was not possible.  

ITF developed a beam quality control 
strategy based on the existing set of 
hardware, encompassing the pupil align-
ment and the control of piston, point- 
ing and higher-order aberrations. Fringe 
tracking was demonstrated in March 
2006 on the Auxiliary Telescopes (AT) in 
nominal atmospheric conditions with 
performance close to specification (100–
150 nm rms). On Unit Telescopes (UT), 
the first stable closed-loop operations 
were demonstrated on sky in June 2006 
albeit with a degraded performance lim-
ited by the telescope vibrations (460 nm 
rms). Vibration rejection methods were 

then developed by ITF and demonstrated 
their potential to reject 75 % of the resid-
ual energy and lower the residual OPD to 
230 nm rms.

The next sections present the main fea-
tures developed by ITF to achieve this 
performance:
–  a Delay Line rail alignment tool making 

it possible to maintain the attitude error 
of the cat’s eye within the tolerance, 

–  an Adaptive Optics Deformable Mirror 
Saturation Management Algorithm 
aiming at minimising the impact of 
saturations on the wavefront quality, 

–  a fast guiding mode based on IRIS, the 
VLTI laboratory Near Infrared Camera, 
rejecting the tip-tilt components of the 
tunnel turbulence,

–  an acquisition procedure allowing to 
reduce the static pointing error to less 
than 5 mas,

–  an open-loop vibration compensation 
method based on accelerometers 
mounted to the M1 cell.

–  A closed-loop vibration tracking algo-
rithm, rejecting harmonics in tip-tilt and 
piston beyond the control bandwidth of 
the Fringe Tracking controller.

Pupil control

A Variable Curvature Mirror (VCM) is 
mounted at the focal plane of the Delay 
Line cat’s eye and can be adjusted in 
curvature to image the telescope pupil at 
the appropriate distance while the car-
riage moves along the rail. The curvature 
applied to the VCM increases the sensi-
tivity of the exit pupil lateral displacement 
to cat’s eye attitude errors induced by  
rail distortions. When ITF started, VCM 
operations were functionally not possible 
because the amplitude of the rail distor-
tions were such that the DL laser metrol-
ogy beam, also reflected by the VCM, 
would be lost while the DL twisted along 
the rail. ITF recycled the tools developed 
for the Delay Line installation and devel-
oped DELIRIUM, a rail observer based on 
capacitive sensors permanently installed 
on-board the DL carriage, monitoring  
the position and attitude of the carriage 
with respect to a mechanical reference. 
The profile of the guiding rail is then re-
constructed and filtered with the calibrat-
ed influence functions of the rail supports 
to generate a vector of corrective com-
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mands. After convergence of the rail align-
ment procedure, the residual carriage jit-
ter is dominated by the contribution of the 
wobble of the wheels (Figure 1). The anal-
ysis of the DELIRIUM data accumulated 
over six months established that the evo-
lution of the rail profile is driven by its re-
sponse to temperature changes and that 
a regular maintenance will allow tracking 
the seasonal variations and guarantee a 
continuous operability of the VCM. 

Rejection of atmospheric aberrations

The VLT Coudé Focus Adaptive Optics 
(AO) System, MACAO has been specified 
to deliver a mean Strehl ratio of 50 % in  
K in nominal atmospheric conditions, on 
axis with a bright reference star (R mag  
< 10), over long integration times (min-
utes). This requirement has been met and 
demonstrated at delivery but was unfor-
tunately not sufficient for an application 
such as FINITO, running at 1 kHz with the 
task to deliver a reliable measurement of 
the phase at each cycle. 

To maintain the best fringe contrast in  
the presence of optical aberrations, the 
beams are spatially filtered at the en-
trance of FINITO by means of monomode 
fibres, at the cost of a flux loss in pro-
portion to the instantaneous Strehl ratio. 
Since fringes are sampled at high fre-
quency, the critical performance param-
eters for MACAO is not the mean image 
quality, as in standard imaging AO ap-
plications, but the frequency and am-
plitude of intermittent image ‘explosions’ 
caused by uncontrolled Deformable Mir-
ror (DM) saturations.

MACAO relies on a curvature mirror,  
very efficient at compensating low-order 
intra pupil aberrations, but quite ineffi-
cient at generating a higher-order wave-
front with features at the spatial scale of 
the inter-electrode distances. The atmos-
phere does not generate a substantial 
energy in these so-called waffle modes, 
but the noise propagation in MACAO 
causes a substantial fraction of the DM 
stroke budget to be spent along them 
with hardly any impact on the wavefront 
quality. This causes the DM command  
to saturate frequently, even in good seeing 
conditions. A simple clipping of the com-
mand at saturations projects the energy 

propagated along the waffle modes on 
more efficient modes. This induces short 
PSF explosions that result in deep fibre 
injection dropouts. The Saturation Man-
agement Algorithm (SMA) developed by 
ITF implements a non-linear modal con-
trol along the waffle modes, triggered 
when saturations of the linear command 
are detected and aiming at minimising the 
impact of saturations on the wavefront.  
In addition, an Anti-Windup (AW) module 
freezes the projection of the controller in-
tegrator along the waffle modes during 
the saturation events, in order to prepare 
a faster recovery of the control after the 
event. SMA and AW have been demon-
strated on Sky in engineering mode in 
February 2006 (Figure 2), and operated 
since then for all UT test sessions, al-
though not yet offered to science opera-
tions.

Rejection of the tunnel seeing

Since the Adaptive Optics Wavefront Sen-
sor is located in the Coudé Room, it  
does not correct aberrations developed 
downstream by the tunnel turbulence. 
The amplitude, projected on sky, of the 
pointing jitter caused by the tunnel tur-
bulence is ~ 50 mas PV, distributed be-
tween 0 and ~ 5 Hz. As this amplitude 
compares to the H-band diffraction limit 
at the UT (45 mas), the impact of the tun-
nel tip-tilt turbulence on injection is po-
tentially devastating. ITF has demon-
strated on sky the capability of the IRIS 
Fast Guiding (IFG) mode to reject the tun-
nel tip-tilt and stabilise the pointing at  
the entrance of the VLTI instruments. This 
control tool relies on IRIS, the near infra-
red fast imager, originally designed  
to observe the slow drifts induced by the 
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thermal variations of the tunnel atmos-
phere. The controller operates in open 
loop, addressing the commands to a Tip-
Tilt Platform located downstream the 
dichroic separating the beams fed to 
FINITO and IRIS. IFG has been demon-
strated in K band only with an optical 
layout allowing FINITO and IRIS to be 
simultaneously operated but currently 
incompatible with AMBER operations. A 
re-organisation of the optical switches  
on the FINITO table is underway to allow 
simultaneous FINITO-IFG-AMBER opera-
tions.

Minimisation of static pointing error

The injection in the monomode fibre is 
degrading exponentially with the ampli-
tude of the aberrations. Tip and Tilt are 
the most energetic atmospheric modes 
and remain the main residual aberrations 
downstream of MACAO and IFG, with 
typical residual amplitude of 10 mas rms 
per axis. 2s deviations (~ 2 % of time) 
induce an injection loss of 60 % that in-
creases dramatically in the presence of a 
small static pointing error. Minimising the 
static pointing error is essential to pre-
serve the largest error allocation to the 
dynamic error. The early alignment strat-
egy proposed for FINITO consisted in 
scanning the field along a regular grid pat-
tern and recording at each position the 
mean injection over a user’s defined inte-
gration time. Short integration times 
provided results contaminated by dynam-
ic fluctuations and longer integration 
times led to prohibitive convergence times 
while results were still potentially biased 
by e.g. variations of the atmospheric 
transmission during the calibration. ITF 
developed an alternative unbiased ap-
proach, called Beam Tracking, consist-
ing in minimising the flux fluctuations 
induced by the coupling between the sta-
tic error and a circular tip-tilt modula- 
tion applied to the Tip-Tilt Platform of IFG 
(Figure 3). Modulating on a pure har- 
monic with a frequency selected in a vi-
bration free region (20 Hz) allows extract-
ing the static signal from the dynamic 
noise distributed over a broad spectrum. 
The procedure converges within a few 
tens of seconds to a static residual error 
estimated to be less than 5 mas.

Rejection of vibrations

The combination of the DM Saturation 
Management, the IRIS Fast Guiding and 
the Beam Tracking allows stabilising un-
der typical atmosphere conditions (seeing 
= 1 arcsec, coherence time = 2.5 ms) the 
injection of bright stars (H magnitude ~ 5) 
from the UTs in the FINITO monomode 
fibres. This was first achieved in May 2006 
but the first attempt to close the Fringe 
Tracking loop was not a success yet. The 
amplitude of the telescope vibrations  
not only degraded the performance but 
also prevented the phase to be correct- 
ly estimated due to large phase variations 
within the period of the FINITO internal 
modulation cycle. 

A new phase reconstruction algorithm 
was designed to account for the fringe 
distortion caused by the OPD varia- 
tions within the modulation cycle. Fringe 
Tracking was first enabled at 2 kHz with 
this new phase estimator. Stable but poor 
performance (~ 450 nm rms) was ob-
tained in July with the UT1-3 baseline and 
early September with the UT3-4 base-
line. The spectral distribution of the resid-
ual phase error was mainly found in sharp 
unresolved peaks distributed between  
15 and 100 Hz. Most of the observed fre-
quencies had already been identified  
by accelerometer measurements carried 
out at the telescopes and at the Coudé 
trains. The outstanding features were 
structural modes of the M1 cell and M3 
towers (18 and 24 Hz) excited by the Cryo-
Cycle-Coolers of the cold instruments, 
specially NACO on UT4, and forced vibra-
tions propagated from the telescope 

basement equipment to the Coudé op-
tics, e.g. the fans of the MACAO cabinets 
mounted to the structure of the Coudé 
room and shaking of M10 and M11 in the 
45–50 Hz region.

ITF envisions a tri-therapy to bring the 
Fringe Tracking performance within  
the expectations of our future instruments. 
The first component should be a reduc-
tion of the environmental aggression by 
means of appropriate isolation or damp-
ing of vibration sources and propaga- 
tion paths. The second component of the  
tri-therapy consists in pre-cleaning the 
beam delivered to the VLTI by means of 
accelerometer measurements filtered  
to estimate the induced OPD via a sensi-
tivity model and fed forwards to the De-
lay Lines. A flotilla of accelerometers has 
already had First Vibration at the UT3  
and UT4 M3 towers in September and 
provides a continuous monitoring of the 
vibration state, featuring a strong cor-
relation with the optical phase seen by 
FINITO. The aptitude of accelerometers to 
compensate in open loop the main vi-
brations was demonstrated on sky in Oc-
tober (Figure 4, green curve and Figure 5). 
The third component of the tri-therapy, 
called Vibration Tracking (VTK) was also 
deployed in September. The idea is to 
model and compensate stable harmon-
ics beyond the bandwidth of the Fringe 
Tracking controller by constraining in 
closed loop their frequency, amplitude 
and phase. VTK has been implemented 
in the FINITO controller and has demon-
strated on sky its capability to reject 
about half of the Residual Phase energy 
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(Figure 4, red curve and Figure 5)1. This 
has not only reduced the residual phase 
to 260 nm rms but also allowed for the 
first time to close the Fringe Tracking loop  
at 1 kHz. 

The tri-therapy test protocol was tested 
on 9 October and demonstrated the po-
tential of combining these different ap-
proaches. While the vibration controllers 
were running, the fans of the MACAO 
electronic cabinets, known to excite the 
Coudé room optics via acoustic and 
structural propagations, were shut down. 
This reduced the amplitude of the dense 
forest of vibration peaks around 48 Hz 
that would not be efficiently rejected ei-
ther by accelerometers feed forward 
(limited by communication delay at this 
frequency) or by VTK (limited by spec- 
tral resolution). The residual OPD went 
from 260 to 230 nm rms (Figure 4, cyan 
curve, Figure 5).

Possible improvements

Fringe Tracking has been demonstrated 
on bright stars in nominal seeing condi-
tions. The limiting H-band magnitude has 
not been investigated but the experience 
accumulated in engineering mode indi-
cates that AT operations will be limited by 
the stability of the photometric injection. 
The longer wavelength (K-band) selected 
for the PRIMA Fringe Sensor Unit is ex-
pected to attenuate the impact of the tur-
bulence but the scientific potential of 
upgrading the ATs with a low-order Adap-
tive Optics system may need to be eval-
uated. On the UT side, the aptitude of the 
Vibration Tracking and Accelerometer 
approaches to partially reject the vibra-
tions has been established. The progress 
demonstrated so far justifies that an in-
tense parallel effort be initiated to improve 
the dynamical environment of the UTs.

1  VTK was also successfully tested with MACAO to 
reject the 18 Hz Tip-Tilt Mode of the M1 cell.
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Figure 4: The blue curve shows the 
cumulative power of the phase (OPD) 
residual during ‘naked’ fringe track- 
ing with a residual above 450 nm rms. 
Accelerometer feed forward to the de-
lay lines is switched on (green) reduc-
ing the residual to 362 nm. Vibration 
tracking (VTK) is added (red) reducing 
the residual further to 259 nm. Finally 
MACAO cabinets cooling are switched 
off (cyan), bringing down the residual 
to 234 nm. 
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Figure 5: Tri-therapy experiment on the UT3-UT4 
baseline. Each line of each plot is a PSD of residual 
OPD, seen by FINITO, in square root colour scale.  
The top sub-frame was obtained in stand-alone 
Fringe Tracking. The atmospheric Piston (< 5 Hz) is 
correctly rejected but the vibrations are amplified 
because their frequencies lie in the overshoot region 
of the controller. On the second frame, the acceler-

ometers signal is fed to the Delay Lines. This permit-
ted rejection of frequencies below ~ 30 Hz gen-
erated at M3. On the third frame, Vibration Track- 
ing was started and rejected harmonics below  
100 Hz. Switching off the fans of MACAO electronics 
cabinets reduced the residual amplitude in the  
45 to 50 Hz region. All these data were acquired 
within a time window of two hours.
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Progress in implementing VISTA is 
summarised largely through pictures. 
VISTA’s near-IR public surveys are 
expected to begin in 2007 quarter four.

VISTA (Visible and Infrared Survey Tele-
scope for Astronomy) is a 4-m wide-field 
survey telescope (1.65˚ diameter in the IR), 
equipped with a near-IR (0.85–2.3 μm) 
camera facility for performing extensive 
surveys of the southern skies with sen-
sitivity matched to the needs of 8-m-class 
telescopes. IR imaging surveys partic-
ularly target the cold, the obscured, and 
the high-redshift Universe, to generate 
science directly and also select objects 
worthy of further study by the VLT. Details 
of the design and expected performance 
of VISTA were given in The Messenger 
117, page 27, so here we describe, mainly 
in pictures, progress in implementing 
VISTA. VISTA’s first Public Surveys are ex-
pected to begin in late 2007. 

Site and enclosure

VISTA lies some 1500 m away from the 
peak on which the VLT sits (Figure 1).

The enclosure (shown being built in the 
previous Messenger article) is now es-
sentially completed (Figure 2 shows it 
with the slit open and the windscreen up). 
The enclosure successfully survived an 
unplanned water tightness test when 
~ 10 cm of rain fell in one 24-hour period 
– a most unexpected event!

Figure 1: VISTA (right) 
with VLT (left).

Figure 2: Enclosure.
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Telescope and mirrors

The telescope, including the primary mir-
ror support and instrument rotator is fully 
assembled with dummy mirrors, and final 
cabling and testing is ongoing. Figure 3 
(left) shows a side view also showing the 
dome flat screen in the upper centre, 
whilst Figure 3 (right) shows a front view 
with the secondary mirror support struc-
ture prominent. 

The primary and secondary mirrors are 
both undergoing final polishing, which  
is taking longer than originally anticipated 
(no one has ever polished a 4-m f/1 pri-
mary before). Completion of polishing  
is expected in February 2007. The coating 
plant, which can coat in either aluminium 
or in protected silver is already installed in 
the enclosure annexe.

IR camera

The camera includes the entrance win-
dow, cold baffle tube, lenses, filter wheel 
and 16 2 048 × 2 048 IR detectors and  
is shown in Figure 4 without all its asso-
ciated electronics boxes and gas lines 
attached. Note the entrance window, the 
vacuum vessel which is metallic or black, 
and that the camera is mounted in its 
(blue) transport carriage unit in which it 
will soon be air-freighted to Chile.

Science

VISTA’s strength, in addition to its speci-
fications (the exposure time calculator for 
VISTA may be found through www.vista.
ac.uk/observing/etc/ ), is the dedication  
of the vast majority of its available time to 
ambitious, large-scale legacy public 
surveys (three quarters of VISTA time was 
envisaged at the start as the baseline 
fraction for public legacy surveys). At the 
time of writing the process of deciding 
which public surveys VISTA will actually 
undertake over the next few years is 
drawing to its conclusion. ESO’s Public 
Surveys Panel for VISTA interacted  
with the original proposers of (12) public 
surveys to distil/merge these down to  
six candidate surveys and, following pan- 
el feedback and resulting discussions 
amongst the proposers, their updated 
submissions underwent review on 31 Oc-

Telescopes and Instrumentation Emerson J. et al., VISTA: Progress Report

tober 2006. The resulting recommen-
dations of the Public Survey Panel will be 
put to ESO’s Observing Programme Com-
mittee in November 2006. The results of 
this process should be known by the time 
this article appears in print (and will be 
posted at www.vista.ac.uk when known), 
and the surveys themselves are likely to 
start in 2007 quarter four.
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Figure 3: Telescope: 
side view (left), front 
view (right).

Figure 4: IR camera.
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Telescopes and Instrumentation

The European ALMA Regional Centre: 
User Support for European Astronomers

Paola Andreani, Martin Zwaan (ESO)

What will happen when ALMA is opera-
tional? How can an astronomer apply  
to get observing time with ALMA? What 
happens when their proposal is ap-
proved? Will they be able to process the 
data, obtain high-quality science prod-
ucts and extract their science from  
it? Sooner or later each astronomer in-
terested in ALMA science will ask her-
self or himself these questions. The aim  
of this article is to describe how the 
process of proposing for observing time, 
subsequent execution of the observa-
tions, obtaining and processing of the 
data is going to take place in the ALMA 
epoch.

From an astronomer’s perspective, the 
basic principles on which the ALMA 
science operations are based are the fol-
lowing: every astronomer, including 
novices to aperture synthesis techniques, 
should be able to use ALMA; ALMA 
observations will be carried out in service 
mode and will be dynamically scheduled 
to optimally match the weather condi-
tions and array configuration; the calibra-
tion shall be reliable and self-consistent, 
so that data from the archive can be re-
trieved and reprocessed at any moment; 
data will be made public in a timely 
fashion.

The interface between ALMA and the 
user communities is formed by the ALMA 
Regional Centres (ARCs), currently being 
established in Europe, the US and East 
Asia. For European users, the European 
ALMA Regional Centre (EU ARC) is be-
ing set up as a cluster of nodes located 
throughout Europe, with the main centre 
at the ESO headquarters in Garching. 
This main centre is part of ESO’s Data 
Management Operations Division (DMO) 
and serves as the access portal to ALMA 
for the European user community. In 
synergy with the distributed network of 
ARC nodes, the centre’s aim is to opti-
mise ALMA’s science output and to fully 
exploit this unique and powerful facility.

The EU ARC will be the point of contact 
for European ALMA users from the mo-
ment of proposal submission to the 
actual distribution of calibrated data and 

subsequent analysis. The core of the 
ARC activities will consist of running a 
help-desk for the proposal submis- 
sion and submission of observing pro-
grammes, the delivery of data to prin-
cipal investigators, the maintenance and 
refinement of the ALMA data archive,  
and the feedback to the data reduction 
pipeline and the off-line reduction soft-
ware systems that surround it. The rela-

tionship between the user, the ARC,  
and the Joint ALMA Observatory (JAO) in 
Chile, is schematically shown in Figure 1. 
A sketch of the EU ARC structure is 
shown in Figure 2. Potential ALMA users 
may find it interesting to check from  
time to time the newly set-up EU ARC 
web page, where more details on the  
EU ARC tasks will continuously be added 
(http://www.eso.org/projects/alma/ARC/ ).

Proposals

Data

ALMA

Joint
ALMA Office

ARC
Europe ARC

East Asia

ARC
North America

Figure 1 (above): Proposals/Observing files are sent 
from the ARCs to the Joint ALMA Observatory (JAO) 
in Santiago (Chile). Data are sent from the JAO to 
ARCs by reverse route, with complete archives of all 
data at all four sites.

Figure 2 (below): A schematic sketch of the EU ARC 
structure, with the ESO central node and the satel-
lite nodes in Europe: Bologna (Italy), Bonn-Bochum-
Cologne (Germany), Grenoble (IRAM, France), 
Leiden (the Netherlands), Manchester (UK), and 
Onsala (Sweden, Denmark, Finland).

ARC Europe
ESO DG
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EU 
Project Scientist

EU 
ARC Manager

User Science
Support
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Bonn-Bochum-
Cologne (Germany)
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Zurich (Switzerland) ?
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Indeed, for day-to-day operations, the 
three ARCs spread over three continents 
form an integral part of the overall ALMA 
operations. The ARC staff serve their re-
gional communities, but also provide 
products to the entire ALMA observatory, 
such as improved pipeline heuristics  
or observing tools. Science staff from the 
ARCs rotate through Chilean operations, 
providing the necessary close ties among 
the sites, and keeping the ARC staff 
familiar with the realities of observatory 
operations. 

Moreover, fundamental to ALMA’s suc-
cess in Europe are the enhanced serv-
ices provided by the network of ARC 
nodes. These are required to fully realise 
the transformational nature of ALMA and 
to maximise the scientific return for the 
European community. Fostering commu-
nity development and guiding the future 
evolution of ALMA use are among the 
nodes’ primary tasks. The nodes will pro-
vide face-to-face help and additional 
support, beyond what are called the ARC 
core functions, such as advanced user 
support for special projects and refine-
ment in the data-reduction process. To 
achieve these goals, the nodes will con-
duct a programme of fellowships, user 
grants, student and postdoctoral pro-
grammes, as well as promote the organi-
sation of workshops and schools and  
any other support facilities for users. The 
sponsoring of workshops, schools, and 
events that stimulate the scientific activi-
ties around ALMA is very important for 
ALMA’s visibility within the European pro-
grammes of education and public out-
reach. 

What does a user have to do to submit 
an ALMA observing proposal? 

Once the Joint ALMA Office (JAO) issues 
calls for proposals, an astronomer wish-
ing to apply for observing time will have 
to register on the ALMA web page. After 
registration, the user will make use of the 
ALMA Observing tool (AOT) to prepare  
a proposal. The AOT is a java application 
and is essentially a complete software 
package enabling one to construct a so-
called Observing Project. This Observ- 
ing Project is the top item that any user 
will work on and consists of two parts: a 
Phase I Observing Proposal with empha-

sis on the scientific justification of the 
proposed observations and containing a 
minimal amount of technical informa- 
tion required to check the feasibility of the 
proposal, and a Phase II Observing Pro-
gramme submitted only if observing time 
has been granted. The JAO, with assis-
tance from the ARCs, coordinates the 
refereeing process. If European astrono-
mers need help with the preparation of 
their Observing Project, they have to ad-
dress themselves to the EU ARC, which 
provides documentation, proposal prepa-
ration and submission help. In case the 
users require face-to-face help, they will 
be directed to their national or geographi-
cally closest ARC node, unless it is a 
highly specialised issue, which can better 
be addressed at one of the other nodes.

The EU ARC also helps with the planning 
of the observations of proposals that  
successfully pass the scientific and tech-
nical evaluation of the time allocation 
committee. With the use of the AOT the 
user needs to specify the technical de-
tails that control how the observations 
are to be carried out. The user creates a 
number of scheduling blocks (SBs) that 
contain all information necessary to ex-
ecute a single observation. A scheduling 
block essentially consists of low-level 
observation commands to be submitted 
to the observing queue and will typical- 
ly take 30 to 60 minutes to execute. It can 
be thought of as the smallest unit that 
can be scheduled independently, remi-
niscent of the VLT observation block 
(OB). It is self-contained and usually pro-
vides scientifically meaningful data as 
well as a full description of how the sci-
ence target and the calibration targets 
are to be observed. Sets of SBs can be 
combined with a description for the  
post-processing of the data, ultimately 
resulting in an image or a data cube.

The AOT provides two different ‘Views’ 
that can be used to define an Observing 
Project: a ‘Science View’ and a ‘System 
View’. In the Science View, inputs should 
be provided that relate directly to the 
science goal, such as the area to be ob-
served for each target, the required sen-
sitivity and frequencies. The amount  
of technical detail in this view is minimal. 
Therefore, this view is useful for all as-
tronomers, including those with little ex-
perience in aperture synthesis interfer-

ometry, to create full Observing Projects 
using standard observing modes. For 
more experienced users who desire more 
control over the telescope configuration, 
the AOT provides a ‘System View’. In this 
view, more detailed specifications of each 
Scheduling Block can be given, such  
as the frequency setting of the local oscil-
lator, the upper and lower side bands, the 
correlator parameters and the selection 
of base-bands and sub-band sets within 
each base-band. This view can also be 
used by experienced observers and ob-
servatory staff to develop and test new 
observing modes. Figures 3 and 4 show 
screen shots of the AOT’s Visual Spectral 
Editor and the Visual Spatial Editor.

In accordance with the statement at the 
beginning of this article, it is foreseen  
that for most ALMA projects the Science 
View provides sufficient detailed informa-
tion to fully specify the observations.  
The required SBs will be constructed by 
the system and the user will only be 
bothered with system parameters when 
this is absolutely necessary. All materi- 
al produced in this phase will be verified 
by ARC staff, after which it will be certi-
fied and released to ALMA operations for 
scheduling and execution.

What does a user have to do to obtain 
ALMA data? 

In the ALMA era, users will not travel to 
Chajnantor to carry out the observations. 
Instead, observations will be dynami- 
cally scheduled, depending on weather 
conditions and the array configuration. 
Observations will be carried out 24 hours 
per day. Some projects may require on- 
ly a single configuration, whereas others 
may need observations using multiple 
configurations combined with the ACA 
(Atacama Compact Array, a Japanese 
contribution) and total power observa-
tions. Such a project may need several 
months to complete.

Before ALMA data reach the PIs, the data 
will pass through a multi-tier quality as-
surance programme. This programme is 
a combination of on-site duty astronomer 
checks, a quick-look analysis, system 
performance checks and feedback from 
ARC staff. After this stage, the data pro-
ceed to the data-reduction pipeline and 
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are delivered to the archive. PIs will be no-
tified immediately after their science data 
become available. The items made avail-
able to the PIs are the pipeline products 
(fully calibrated images or data cubes and 
calibrated u-v data), raw u-v plane source 
and calibration data, and off-line data 
processing software including user sup-
port.

It is essential to the success of ALMA 
that astronomers inexperienced in aper-
ture synthesis imaging techniques are 
able to obtain science-ready images and 
data cubes from their ALMA projects. 
The data-reduction pipeline will therefore 
produce high-quality science products  
for most standard observing modes. How-
ever, expert hands-on help will be re-
quired in many cases, especially when 
more complicated observing techniques 
are used. The first point of contact for 
data reduction help is the ARC main 
node in Garching, where users can ad-
dress their questions by telephone or  
e-mail to a help-desk. Face-to-face help 
for specialised topics will be available 
from the nodes spread out over Europe. 

Specialised topics that come to mind  
are for instance high dynamic range im-
aging, multi-frequency synthesis, mo-
saicing, high-frequency imaging, self-
calibration, advanced data analysis, etc.

The off-line pipeline data-reduction soft-
ware package responsible for generating 
science ready data products is CASA 
(Common Astronomy Software Applica-
tions), a C++ code based on aips++ 
libraries. CASA has recently gone through 
major changes to optimise its use for 
ALMA data reduction. One of the most 
significant modifications is the creation of 
a completely re-designed python inter-
face. Over the last few years, a series of 
user tests have been carried out to test  
the functionality of the data-reduction 
software and to ensure that the develop-
ment is adequate for ALMA needs. The 
tests have concentrated on many data- 
reduction issues, and essentially covered 
the full end-to-end process from raw data 
sets to fully calibrated data cubes. The 
results from the tests have been very pos-
itive and promising, all testers were able 
to edit, calibrate and image the test data 
sets. 

Concluding remarks

Although full ALMA operations will start in 
2012, pre-operation activities have al-
ready started. The ARCs are organising 
the support system, testing the software, 
writing cookbooks and manuals and pre-
paring the commissioning and science 
verification phase, which will be starting 
in 2009. The first call for proposals for 
Early Science will be issued in early 2010 
and the ARCs must be functioning at full 
speed before that date.

The international community can provide 
inputs into the ALMA project and oper-
ation through their representatives in  
the ALMA Science Advisory Committee 
(ASAC) and the European community 
through the European ALMA Science Ad-
visory Committee (ESAC). Links to these 
committees can be found in http://www.
eso.org/projects/alma/administration/
committees/.

Figure 3: A typical display produced by the ALMA 
Observing Tool (AOT) using the Visual Spectral 
Editor. The graphics show the ALMA receiver bands 
and the user-selected positions for the base-bands 
and side-bands. Also, the atmospheric transmission 
curve is displayed.

Figure 4: Display of the Visual Spatial Editor of the 
ALMA Observing Tool for an example single-field 
interferometry observation of NGC 4321. In the Edi-
tors pane the figure shows the image of NGC 4321 
as it was retrieved from the ESO image server. The 
small circles represent the pointing positions for this 
target observation; the radius shows the size of the 
primary beam at the observing frequency. On the left 
the project structure in the System View is visible;  
on the right is the Field Source form with the Pointing 
Pattern table of the telescope pointings.
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Telescope 1 (Antu) 
preparing for observa-
tions and three Auxil-
iary Telescopes of VLTI 
undergoing tests.
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Other Astronomical News

Deep Impact as a World Observatory Event

Hans Ulrich Käufl1

Christiaan Sterken2 

1 ESO 
2 Vrije Universiteit Brussel, Belgium

In the context of NASA’s Deep Impact 
space mission, Comet 9P/Tempel1  
has been at the focus of an unprece-
dented worldwide long-term multi-
wavelength observation campaign. The 
comet has been studied through its 
perihelion passage by various spacecraft 
including the Deep Impact mission it- 
self, HST, Spitzer, Rosetta, XMM and all 
major ground-based observatories in 
basically all wavelength bands used in 
astronomy, i.e. from radio cm-waves  
to X-rays. For some ‘glossy-print’ infor-
mation please have a look to e.g. ESO’s 
dedicated web-pages (deepimpact. 
eso.org). Due to the dynamical and other 
technical constraints of the space mis-
sion, ESO’s telescopes could not observe 
the moment of impact – the comet was 
indeed exactly setting on the western 
horizon. However, the ESO observatory 
sites, La Silla and Paranal were more  
or less the worldwide hub of the mid- and 
long-term ground-based observations for 
monitoring. Predictions for cometary 
activity induced by the experiment made 
before the impact ranged from ‘very little’ 
to the instantaneous release of material 
equivalent to ~ 10 days of normal activity 
of the comet close to perihelion. In sum-
mary, Mike A’Hearn, the PI of Deep Im-
pact, confirmed in his review talk, that the 
release was at the lower end of expec-
tations and that there was no activity of 
the impact site induced after the crater 
had formed. Especially as the long-term 
signatures after impact were rather sub-
tle, the use of the world’s best facilities  
to document the event was well warranted 
in retrospect.

The ground-based observing campaign 
has been described in a recent Science 
publication by 209 authors from 85 aca-
demic institutions all around the world 
(Meech et al. 2005). Some early results 
from the ESO observations have been 
reported earlier in The Messenger (Käufl 
et al. 2005).

To make full use of the global data set, a 
workshop bringing together observers 
across the electromagnetic spectrum and 
from different sites and projects was 
considered of great value. Synergy be-
tween the different data sets can only be 
achieved if observers share their data 
and arrive at a coherent interpretation. 
Therefore the astronomers participating 
in the ESO campaign took the lead to 
organise this workshop on a rather short 
notice. The workshop was held in Brus-
sels, Belgium from 7 to 10 August. More 
than 70 colleagues presented 50 oral 
papers and 18 posters. The proceedings 
will be published in the ESO Springer 
conference series. 

At the Brussels workshop – 12 months 
after Deep Impact – all participants had 
progressed sufficiently in the analysis  
and understanding of their data sets. The 
coherent presentation of many diverse 
results allowed for a synthesis. Thanks to 
the Deep Impact campaign, many prop-
erties from thermal inertia to tensile 
strength of the cometary nuclear surface 
are now well constrained. Already at  
the workshop an intense discussion to 
arrive at synergies – which will be tran-
scribed for the proceedings – took place. 
Particularly interesting and exciting, 
however, are the open questions such as: 
the chemical composition of the ejecta; 
the correlation of the complex observed 
dust fans reported from many weeks  
of ground-based monitoring of nuclear 
surface features, as imaged by the 
spacecraft; and the absence of long-term 
effects from the impact site. Indeed  
the nature and physics of jets and active 
zones of comets appears more enigmatic 
than ever. 

To inspire new ideas, it was very helpful 
and interesting to have Roberta Olson 
from the New York Historical Society, 
author of the book Fire in the sky (Olson 
and Pasachoff 1999), at the workshop 
delivering a lecture titled Comets, Charis-
ma, and Celebrity: Reflections on Their 
Deep Impact. Comets, like no other class 
of celestial objects, have spurred in- 
tense attention of mankind to watch the 
skies and to wonder about the under-
lying principles and messages. For many 
participants, however, it was new how  
far reaching the impact of apparitions of 
bright comets on the general public are 
and how this manifests itself in many di-
verse pieces of art. 

As with any good research project, the 
Deep Impact experiment and the associ-
ated observation campaign have an-
swered a fair set of questions about 
comets, but there are still open questions 
and there is now a full set of new ques-
tions. On the other hand, the next gen-
eration of spacecraft, especially the ESA-
mission ROSETTA, to land in August 
2014 on Comet 67P/Churyumov-Gerasi-
menko and the next generation of opti-
cal and radio telescopes, e.g. ALMA and 
the ELT, will be the keys to solve at  
least some of the truly enigmatic aspects 
of comets (and create new questions). 
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One of the spectacular deconvolved images from the 
Deep Impact Spacecraft High Resolution Imager 
shown in the conference (courtesy Mike A’Hearn and 
the Deep Impact Team). This is a colour composite 
of an infrared, a green and a violet filter forced to av-
erage grey. Note the blueish areas on the surface 
close to the crater-like structure. Those were entirely 
unexpected. It is highly interesting to find out if those 
structures can be correlated with the jets which  
were meticulously monitored from ground-based ob-
servers worldwide. This aspect in the picture – en-
tirely unrelated to the impact plume – illustrates very 
well how comet research, apart from the impact 
experiment, will profit from the synergy of spacecraft 
data and the unprecedented worldwide coordinated 
observing campaign.

Report on the Workshop on

held in Brussels, Belgium, 7–10 August 2006
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The participants to this workshop, in the great hall  
of the magnificent palace of the Royal Academies  
for Science and the Arts of Belgium. The very special 
atmosphere of this historical building was very 
inspiring for this workshop. During the worldwide 
ground-based Deep Impact follow-up observing 
campaign, all observatories were basically linked and 
exchanging data, views and strategies quasi in  
real-time. This unique spirit prevailed also during this 
dedicated workshop.
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Around and about “Europe’s Quest for the Universe”

Jean-Pierre Swings 
(Institut d’Astrophysique et de Géo-
physique, Liège University, Belgium)

Before even starting a review of “Europe’s 
Quest for the Universe”, I think one should 
say a few words about its author. A tru- 
ly impressive characteristic of Professor 
Lodewijk Woltjer is indeed his vision to-
wards excellence, in particular towards 
excellence in observational astrophys- 
ics in (and for) Europe. One example: al-
most thirty years ago, he ‘forced’ some 
fairly conventional European observers to 
start working on extragalactic astrophys-
ics on the occasion of the erection of 
ESO’s 3.6-metre telescope, and even 
more so when the 3.5-m New Technol-
ogy Telescope became available. As far 
as my own research group was concern-
ed, this led to the discovery, via these 
ESO telescopes, of several gravitational 
lenses. This type of research was in  
fact made possible because Lo Woltjer 
put together excellent teams of engi-
neers and scientists at ESO dedicated to 

developing innovative and sophisticat- 
ed telescopes and their auxiliary instru-
ments.

Professor Woltjer, ESO’s Director General 
for 13 years, was also instrumental in 
initiating studies towards conceiving and 
building a European Very Large Tele-
scope (the VLT), and getting the VLT con-
struction started. Having been deeply 
involved in the VLT advisory structure 
(which he kindly mentions in his book!) I 
can testify that Lo Woltjer’s role was 
incredible: from a European vision to a 
remarkable ground-based astronomy 
machine.

In parallel to this, he also had another 
vision, this one about interesting objects 
to observe, and at which wave-bands. 
Here again his role in chairing the groups 
defining the future of European space 
astrophysics was really fundamental, so 
that ESA’s Horizon 2000+ objectives be-
came fantastic challenges.

So, in addition to his skills in theoretical 
astrophysics, a very interesting char-
acteristic of Lo Woltjer concerns the two 
complementary facets: ground-based 
and space-borne astrophysics. In both 
cases, as briefly outlined above, he 
played a pivotal role. He is therefore high-
ly qualified to have written the recent 
300-page book about the origins and 
evolution of the European Southern Ob-
servatory (ESO) and of the science pro-
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gramme of the European Space Agency 
(ESA): “Europe’s Quest for the Universe”*.

The preface by Philippe Busquin, former 
European commissioner for research, 
sets the tone of the book: “Great pride 
and optimism for European science 
comes across on reading these pages, all 
beautifully illustrated. Written to a high 
scientific level, this book provides the 
reader with a top quality reference on the 
subjects covered, and gives us ample 
reason to believe in a European research 
environment directed firmly to the future.”

Lo Woltjer has been involved in many, if 
not most, of the topics he describes in 
his book. He does this in a factual man-
ner, quoting many actors, including him-
self, and omitting (purposely?) very few! 

Other Astronomical News

Not only does he give us a somewhat 
‘historical’ inventory of the telescopes 
and instruments that were built in the last 
three decades on the ground and for 
space, he also presents strong arguments 
for new sophisticated and ever more 
challenging developments. The author of 
“Europe’s Quest for the Universe” gives, 
probably as good examples to be fol-
lowed, some interesting details about 
several of the most important astrophysi-
cal results that have been obtained in 
these last decades, some of which have 
led to attributing famous prizes (Nobel, 
Balzan, Gruber, …) to their ‘prime-investi-
gators’.

In the last sections of his book, Lo 
Woltjer, in a well-documented way that  
he shares with the reader, deals with 
fairly controversial matters such as publi-
cations, researchers and funding (“Why 
fund astronomy?”), and finally he tackles 
a series of future projects as well as the 
difficult subjects of international colla-
borations and organisational issues, the 

latter two which, I think, could/should 
serve as challenges to e.g. the ESO 
Council and the present and forthcoming 
ESO Director General, and to their coun-
terparts in the ESA Science and Explora-
tion Directorates!

Let me end this very short review by 
briefly paraphrasing Philippe Busquin. 
The Universe is so magnificent that  
it constantly inspires both scientific and 
technological developments. Yet, at the 
same time, it remains a source of wonder 
and inspiration for our thoughts and 
dreams: is this not beautiful for all gener-
ations, especially the younger ones? 
Europe is definitely taking advantage of 
all this, as is so well demonstrated in  
Lo Woltjer’s book (although here and 
there a bit critically!). So, let’s continue to 
follow “Europe’s Quest for the Universe”, 
showing that our continent is the lead- 
er in several aspects of ground-based 
and space-borne astrophysics, as Lo 
Woltjer has shown us how to do so suc-
cessfully.

*  To my knowledge, there exist so far two reviews  
of this book, one, quite detailed by Françoise 
Praderie, in the spring 2006 issue of Euroscience 
News (no. 34, page 9), the other by Giovanni 
Bignami, published in Nature (441, page 814,  
15 June 2006).

Open House at the ESO Headquarters

Claus Madsen (ESO)

On 15 October, the ESO Headquarters 
opened its doors to the public as part of 
the All-Campus Open House organised  
in connection with the inauguration of the 
extension of the underground line U6 
from Munich to the Garching campus. 
The day was blessed with clear skies and 
plenty of sunshine, and a large number  
of citizens took advantage of the oppor-
tunity to visit the campus. The estimated 
number of visitors at ESO was close to 
3 000 people, a record number. Another 
record was set by the number of ESO 
staff who, in anticipation of the high num-
ber of guests, volunteered to spend  
their Sunday at work to explain what ESO 
is doing and why it is important. 

Visitors to the Open 
House learnt about ESO 
from exhibitions, activ-
ities, and presentations 
throughout the Head-
quarters in Garching.
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Over the last couple of years, we have 
‘remodelled’ the Open House and this 
time, the activities were organised around 
‘thematic clusters’ called “Welcome  
to ESO”, “The Observatory”, “Science”, 
“Technology for Astronomy” and “As-
tronomy for All”. While most staff were 
assigned to the clusters, some acted  
as ‘roaming astronomers’ and as tour 
guides, accompanying groups of visitors 
through the house.

As in the past, the programme of the day 
offered a wide palette of activities and 
opportunities to learn about ESO: Video 
presentations and public talks in the audi-
torium, videoconferences with Paranal, 
information about employment oppor-
tunities at ESO, various technology dem-
onstrations ranging from CAD-based 
telescope design to AVO, and a dedicat-
ed childrens’ programme including plan-
etarium shows, quiz and ‘passport’ 
games. ESO’s amateur astronomy club, 
AGAPE, had trained their telescopes  
on the Sun and attracted many interest-
ed ‘observers’. Also, the ESO Charity 
Group took part and enjoyed brisk sales 
from their stand, offering cakes and 
sandwiches and with the revenue going 
to, amongst others, the SOS Kinderdorf 
in Antofagasta. Contests for children (and 
their parents!) and ESO materials such  
as posters and T-shirts on sale complet-
ed the programme.

Meanwhile, the All-Campus Open House 
has developed into an activity which is 
recognised and appreciated beyond the 
boundaries of Garching or even Munich. 
This is evident from the fact that ESO, 
together with three other institutes on the 
campus, was awarded a special trophy 
by the initiative “Deutschland – Land der 
Ideen”. This initiative happens under the 
auspices of the President of the Feder- 
al Republic of Germany, Dr. Horst Köhler, 
and is supported both by the Govern-
ment and by German industry and com-
merce. 

With this recognition and an end-of-the-
day pizza party for the personnel involved 
in the event, the 60 or so ESO staff mem-
bers headed for home, tired no doubt, 
but also with many interesting discus-
sions and encounters behind them – just 
as the members of the public that  
had made their way to ESO on the day.

AGAPE, ESO’s amateur 
astronomy club, set up 
telescopes so that inter-
ested visitors could 
safely observe the Sun 
while enjoying the good 
weather.

Visitors had the chance 
to see what they looked 
like in infrared light –  
and to take home a copy 
of the results.

Parts of the new VLT in-
strument HAWK-I, in-
cluding its steel vessel, 
were on display in the 
integration hall.

ESO received a trophy 
from the “Deutschland – 
Land der Ideen” pro-
gramme, in recognition 
of its contribution to  
the All Campus Open 
House event.
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Other Astronomical News

NEON Observing Schools 2006
Report on the

Michel Dennefeld1

Harald Kuntschner2

1 Institut d’Astrophysique de Paris, France
2 ST-ECF

This year has seen the organisation of 
two NEON summer schools, sponsored 
by the European Community Marie Curie 
Actions programme: the Fifth NEON 
Observing School (23 July–6 August, 
2006) at the Observatoire de Haute-Pro-
vence, France; and the Second NEON 
Archive Observing School (30 August– 
9 September, 2006) at ESO Headquar-
ters, Germany. The purpose of these 
summer schools is to provide the oppor-
tunity for young astronomers to gain 
practical experience in observational 
techniques, data reduction and analysis 
and the use of virtual observatory tools. 

The students at both schools carried  
out small research projects, centred on 
front-line astrophysical topics, in small 
groups under the supervision of experi-
enced astronomers. These practical 
exercises are introduced by lectures on 
general observational techniques and 
archival research for both ground- and 
space-based astronomy, by world-class 
lecturers also supported by the Opticon 
Network.

The observing school at the Observatoire 
de Haute-Provence (OHP) concentrat- 
ed on the skills required to execute an 
observing programme at the telescope, 
from the preparation of targets to data 
reduction, including the set-up and cali-
bration of the instruments. This school 
gathered 22 students of 13 different na-

tionalities, with an exact balance of 
gender (the selection had been based on 
purely scientific criteria). The research 
projects in groups of four or five dealt 
with the following topics: observation and 
interpretation of variability at the lower 
end of the Cepheid instability strip, led by 
Yves Fremat (Belgium); the Tully-Fisher 
relation in local clusters, under the direc-
tion of Joel Vernet (ESO); spectroscop- 
ic and interferometric study of the star  
c Cygni, with Hervé Le Coroller (OHP); 
physical characterisation of selected as-
teroids, under the supervision of Simone 
Marchi (Padova); and the study of stel- 
lar populations in elliptical galaxies, led by 
Santos Pedraz from the Calar Alto Ob-
servatory (Spain). The students could use 
four different telescopes with either CCD-
photometry or spectroscopy, the smallest 
but not least interesting being an 80-cm 
telescope with a mirror polished by André 
Couder himself; this one was used for 
visual observations and some technical 

tests, in particular the Foucault knife-
edge test which probably only the oldest 
of the presently active astronomers still 
remember how to perform.

The school saw intensive days and nights 
in a very pleasant setting. The instru-
ment development laboratories and the 
geophysical research activity on the  
site provided other topics of interest as 
distractions! 

The Archive Observing School at ESO 
focused more on the use of existing data 
and the multi-wavelength research pos-
sible with high-quality archival data com-
bining ground and space observations. 
The first step, instead of acquiring the 
data at the telescope, consisted of the 
archive retrieval and quality appraisal of 
the data. In the case of HST data, often  
a science-ready product can be retrieved 
while for other data the typical data-reduc-
tion steps have to be performed. Twen- 
ty students (13 female and 7 male) com-
ing from 12 different European countries 
attended. A full record of the school, 
including the final presentations of the re-
search projects can be found at http://
www.eso.org/neon-2006. The research 
projects, conducted in groups of four, 
were focused on the multi-wavelength 
analysis of archival data spanning a wide 
range of astrophysical topics: VLT/
FLAMES-GIRAFFE spectroscopy of stars 
in the open cluster NGC 2506 to deter-
mine radial velocities and abundances, 
under the lead of Frédéric Royer (Paris); 
searching for a galaxy at redshift 10 us-

The NEON school 
participants at OHP.

The NEON school par-
ticipants at ESO Head-
quarters.
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ing ultra-deep ISAAC and FORS imaging, 
guided by Michael Schirmer (ING,  
La Palma); calculating the ionising flux of 
O-stars in dusty embedded star clus- 
ters using VLT/VISIR and HST images, 
introduced by Margrethe Wold (ESO); the 
search for ultra-compact dwarf galax- 
ies in Abell 1689 with the help of HST im-
ages and spectroscopic confirmation 
with VLT/FORS, led by Steffen Mieske 
(ESO); and last but not least, the study of 
globular clusters and low-mass X-ray 
binaries in a Virgo elliptical by combining 
HST imaging with Chandra data, under 
the supervision of Andrés Jordan (ESO). 
Besides the usual series of lectures intro-
ducing basic photometric and spectro-
scopic techniques, special attention was 
given to the presentation of the available 
archives and archival research tech-
niques. Taking advantage of ESO’s strong 
involvement in instrumentation and tele-
scope design, further lectures dealt with 

the diversity of instrumentation covering  
a large wavelength range and the history 
and future of telescope design. 

The feedback from the school indicated  
a high satisfaction rate of the students 
and, what is more important, a notable 
increase in interest to make use of archi-
val data and the need to learn more 
about the relevant research tools includ-
ing Virtual Observatory developments.  
It is clear that the multi-wavelength ap-
proach is becoming the best way to do 
good research in astrophysics.

A common feature of both schools was 
the very positive impact of gathering 
students from various origins and nation-
alities, which is seen as a good start  
for future, pan-European collaborations.  
This was complemented by open discus-
sions on the situation of jobs in astron-
omy and career strategies. Various job 

possibilities at individual universities and 
laboratories were presented as well as 
the more general exchange programmes 
offered by the European Union. 

It is clear that the success of these 
schools calls for more such events in the 
future. We are pleased to announce  
the next NEON Observing School which 
will take place in Asiago Observatory 
(Italy), 4–18 September 2007. More de-
tailed information on programme and re-
gistration will be announced later this 
year on the EAS web pages and through 
the usual communication channels. A 
further two NEON schools are planned 
for 2008: one will take place in La Palma 
using the ING and NOT telescopes,  
and the other one at ESO Headquarters, 
Garching, once more focusing on the  
use of Archival Data.

Science with ALMA: a New Era for Astrophysics

held in Madrid, Spain, 13–18 November 2006

Report on the Meeting on

Paola Andreani, Martin Zwaan,
Robert Laing (ESO)

Three hundred scientists from all over  
the world met during a warm November 
week in Madrid to discuss the scientific 
revolution (or, according to one speaker, 
evolution) that we expect from ALMA. 
The large number of participants, the 
richness of the science and the wider 
community’s increasing interest in ALMA 
made this meeting an optimistic and ex-
citing one. The talks and posters cov-
ered almost all of the science areas rele-
vant to ALMA including its main drivers: 
the formation and evolution of galaxies, 
the physics and chemistry of the inter-
stellar medium, and the processes of star 
and planet formation. We heard about 
new results from the current generation 
of millimetre and sub-millimetre arrays 
such as the SMA and the recently up-

graded Plateau de Bure Interferometer, as 
well as related observations at other 
wavelengths (especially from the Spitzer 
Space Telescope). The anticipated per-
formance of ALMA and the current status 
of the project were both described, and 
many speakers presented ambitious plans 
for observing with the array once it be-
comes fully operational. It would be im-
possible even to list all of the contributors 
in a short article; instead, we briefly 
summarise some of the key topics, con-
centrating on star and galaxy formation.

Our present picture of low- and high-mass 
star formation is based on indirect evi-
dence. Although the formation sites have 
been identified, the processes cannot  
be followed in detail. Stars form in the 
central cores of molecular clouds, mostly 
in multiple systems and coherent clus-
ters. Observations show that the mass 
function of the molecular condensations 

is similar to the initial mass function for 
stars and that the fraction of the cloud  
in the condensed phase corresponds to  
the expected star-formation efficiency, 
but we do not know which physical pro-
cesses govern the mass fragmentation  
of molecular clouds and hence shape the 
initial mass function. We do not under-
stand in detail the kinematics and dynam-
ics of accretion onto protostellar cores, 
the formation and collimation of outflows 
and the eventual evolution of circum-
stellar discs to form planetary systems, 
asteroids and comets. Still less do we 
comprehend the role of magnetic fields.

ALMA will be able to see the collapse of 
the central regions in pre-stellar cores 
and in young stellar objects, image the 
complex structures of infalling, outflowing 
and accreting material and follow the 
formation and evolution of discs. These 
processes will be studied not only with 
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high-resolution continuum observations 
but also spectroscopically. Molecular 
abundances vary with evolutionary state, 
as different species appear and disap-
pear, for example by depletion onto dust 
grains. A plethora of molecular species 
can be used as tracers of the complex 
physics and chemistry and the ability to 
model these processes with high spa- 
tial resolution was identified as an essen-
tial complement to ALMA observations.

Precision measurements of the spectral 
energy distributions of dust formation 
sites will give an indication of the grain 
size distribution in circumstellar discs. 
The evolution of dust can be followed as 
dusty particles around young stars col-
lide and grow from sub-micron sizes to 
pebbles, boulders, planetesimals and 
eventually planets. The gaps predicted to 
occur in circumstellar discs as a result  
of planetary formation can be imaged di-
rectly by ALMA.

ALMA will enable a comparable series  
of advances in the field of galaxy forma- 
tion and evolution, particularly at early 
epochs. Galaxy number counts will be 
extended to the faintest sources in every 
ALMA band. The spatial and redshift 

distribution of these sources, as well as 
their luminosity functions will become 
measurable, as ALMA will not be confu-
sion limited in any of its bands. It will 
excel as a follow-up instrument for large-
area surveys with bolometer arrays,  
both in resolving continuum emission and 
in measuring redshifts from molecular 
lines. Very deep, but narrow-field surveys 
will also be carried out with ALMA alone. 
CO will be the molecule of choice for 
redshift measurement except for the ear-
liest galaxies (z > 6), for which singly 
ionised carbon may be more appropriate. 
The reason is that the energy output in 
this line is likely to be much higher than in 
the very high order CO transitions red-
shifted to ALMA frequencies. Continuum 
observations of the dust emission from 
the very first galaxies, as well as spec-
troscopy of their molecular and atomic 
lines, will allow us to probe the epoch of 
re-ionisation for the first time. The meas-
urement of molecular absorption lines 
towards quasars will probe more tenuous 
regions along the line of sight as well as 
placing strong limits on the variation of 
fundamental physical constants, such the 
fine-structure constant a.

The dynamics of mass assembly in gal-
axies at z ≈ 3 is just beginning to be re-
solved using ground-based near-infra- 
red observations. ALMA will extend this 
to fainter, more typical and obscured 
objects. Indeed one of its top-level sci-
ence requirements is to be able to resolve 
a galaxy like the Milky Way at z = 3 in  
CO or C ii. On larger physical scales, im-
aging of the Sunyaev-Zel’dovich effect  
will provide a unique probe of substruc-
ture in the intracluster medium. The de-
tailed chemistry of star formation in 
nearby galaxies will be a major topic for 
ALMA, as will the relationship between 
active galactic nuclei and starbursts. 

The meeting took place at the Consejo 
Superior de Investigaciones Científicas 
(CSIC) in Madrid and was financed by 
CSIC, Observatorio Astronómico Nacio-
nal, the ALMA project, ESO, NRAO, 
NAOJ, RadioNet and Astrocam. It was 
the second world-wide meeting on 
“Science with the Atacama Large Milli-
meter Array” (the first took place in 
Washington, D.C., in October 1999). The 
proceedings will be published in a spe-
cial edition of Astrophysics and Space 
Science and the majority of presentations 
will be made available linked to http://
www.oan.es/alma2006.

Other Astronomical News

Prestigious NASA Award for ST-ECF (ESO/ESA) Scientists

A team of scientists from the Space Tele-
scope European Coordinating Facility 
(ST-ECF) and the United States National 
Institute of Standards and Technology 
(NIST) has received one of the most pres-
tigious honours issued by NASA: a Pub-
lic Service Group Achievement Award:  
“In recognition of painstaking efforts to 
provide maximum scientific value to HST 
data using precision laboratory spectral 
measurements and physical instrument 
modelling techniques.”

In this transatlantic cooperation which 
earned this recognition, the European 
group (Michael Rosa, Florian Kerber and 
Paul Bristow; Figure 1) joined forces with 
their US colleagues (Joseph Reader, 
Gillian Nave, Craig Sansonetti; Figure 2) 

with the aim of improving the calibration 
of Hubble Space Telescope (HST) spec-
trographs.

In their effort the team combined ad-
vanced modelling techniques, to describe 
the physical properties of a scientific in-
strument, with high-quality laboratory 
measurements of the spectral lines emit-
ted by a Pt/Cr-Ne hollow cathode lamp 
used as calibration source onboard  
HST. The measurements performed in the 
laboratory of the NIST Atomic Spectros-
copy Group filled a significant gap in our 
understanding of the output of such 
lamps and added about 5 000 lines as 
wavelength standards now usable for ca-
libration purposes. These enhanced  
line lists were used as input for the instru-

The European part of 
the NASA award win-
ning team, the group at 
ST-ECF: Florian Kerber, 
Michael Rosa, Paul 
Bristow (left to right).
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ment models of two HST spectrographs, 
a technique that replaces empirical fit- 
ting routines with the knowledge of the 
physical properties of the instrument.  
A physical instrument model is based on 
the optical and mechanical design of the 
spectrograph but will also take into ac-
count environmental conditions such as 
temperature. Group Leader Michael Rosa 
said: “Calibration based on instrument 
models has been demonstrated to pro-
vide better accuracy than empirical 
methods but in addition it also provides a 
real understanding of the instrument 
which enables one to maintain it at maxi-
mum performance and quickly diagnose 
any deviations.”

The NASA award specifically acknowl-
edged that the instrument modelling 
approach and its success is not specific 
to any instrument but can be applied  
to a large variety of astronomical instru-
ments. It is no surprise that instrument 
modelling, originally developed for ESO’s 
high-resolution spectrograph UVES,  
and having been ‘to space’ is coming full 
circle. Two members of the team (Florian 
Kerber and Paul Bristow), now with ESO’s 
Instrumentation Division, are applying  
the NASA award-winning methods – in-
strument modelling combined with state-
of-the-art laboratory measurements in a 
collaboration with ST-ECF and NIST – to 
the calibration of the latest spectrographs 
for the VLT, the Cryogenic IR Echelle 
Spectrometer (CRIRES) (see page 32 of 
this issue) and X-shooter. With the de-
velopment of extremely demanding future 
instruments for a European ELT, new 
challenges await.

The US part of the NASA 
award winning team, the 
group at NIST: Joseph 
Reader, Gillian Nave and 
Craig Sanonetti (left to 
right).

Fellows at ESO

Dominique Naef

I completed my PhD thesis in the Geneva 
extra-solar planets search group late 
2003. During my PhD years, I participat-
ed in so many observing runs at the 
Swiss telescope at La Silla that making a 
post doc in Chile became quite an ob-
vious choice. In spring 2004, I moved to 
ESO-Chile with a Swiss grant. During  
my first post doc year, I worked in the 
La Silla Science Operations team where I 
was mostly involved in the support of the 
HARPS spectrograph. Later in 2004, I 
applied successfully for an ESO fellow-
ship.

I started this second post doc in spring 
2005 at the Paranal Observatory. At 
Paranal, I mostly work with the UT2-
Kueyen telescope and I am attached to 
the FLAMES support team. A large part 
of the fellows’ duties consist in execut- 
ing service-mode observations. I really 
enjoy it since it gives me the possibility to 

learn a lot about fields in astronomy that 
are very far from my favorite ones. Sup-
porting visiting astronomers during their 
observing runs at Paranal is also a task I 
really appreciate because it gives me a 
unique opportunity to get direct feedback 
from ESO users. Moreover, very stimulat-
ing scientific discussions are not rare dur-
ing these visitor runs.

My main scientific interests are the detec-
tion and characterisation of extra-solar 
planets and brown dwarfs. I am involved 
in several planet search programmes 
using various ESO and non-ESO facilities: 
HARPS at the 3.6-m telescope, CORALIE 
at the Swiss 1.2-m Telescope, FLAMES  
at VLT-UT2 or NACO at VLT-UT4. I also 
participate in programmes aiming at the 
characterisation of transiting exoplanets 
using ground-based facilities (e.g. FORS1 
at VLT-UT2) and space-based telescopes 
(e.g. HST or XMM). The main goal of all 
these research activities is to understand 
how planets form around stars.

Dominique Naef
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Announcements

Guy Monnet (ESO)

In the very short period of two months 
only (December 2006 and January 2007), 
every European astronomer is invited  
to add her/his stone for the building of a 
common European astronomical “Sci-
ence Vision” for the next 20 years. You 
are strongly encouraged to register 
immediately to the 23–25 January 2007 
Science Vision Symposium, and as of  
1 December 2006 to contribute to a web-
based forum on future scientific chal-
lenges in astronomy. Please do not miss 
this unique opportunity to steer Euro-
pean astronomy towards a vibrant future!

Establishing a Science Vision is the first 
crucial segment of a whole process 
conducted by ASTRONET (http://www.
astronet-eu.org/ ), the consortium cre-
ated by a group of European funding 
agencies, and financed by the European 
Commission, in order to establish a 
comprehensive long-term planning for the 
development of European astronomy. 
The Science Vision (http://www.astronet-
eu.org/-Science-Vision-) will cover all 
wavelengths and observing means from 
ground and space and is currently be- 
ing distilled by thematic panels drawn 
from the astronomical community. On  
1 December 2006 a discussion forum on 
“Future Scientific Challenges in Astron-
omy” will be opened on the ASTRONET 
web site. Your input will be incorporated 
by the relevant panels for the presenta-
tion of their preliminary conclusions at the 
23–25 January 2007 Science Vision Sym-
posium in Poitiers, France (http://www.
eso.org/gen-fac/meetings/SciChall07 ). At 
registration you will be required to sign  
for the thematic panel closest to your sci-
entific area, and the preliminary conclu-
sions of each panel (including the inputs 
from the web-based discussion forum) 
will be re-discussed at the Symposium 

venue by these much-enlarged panels.  
A special general discussion is also or-
ganised to bring forward any missing or 
overlapping science themes. Through  
this process, for which your advice is 
absolutely essential, ASTRONET will then 
deliver its final Science Vision report  
to the Commission by the end of March 
2007.

The next crucial phase will be the build-
ing of a detailed “Infrastructure Roadmap” 
to attain the scientific goals as defined in 
the “Science Vision”. This process is now 
just starting (http://www.astronet-eu.org/-
Infrastructure-Roadmap-), again from  
thematic panels soon to be installed. Ac- 
tive participation from the whole com-
munity in a rather similar setting will again 
be actively sought, most probably in a 
year or so: please bookmark the ASTRO-
NET home page and stay tuned!

Helping to Build ASTRONET Science Vision: 
A Unique Opportunity to Contribute to the 
European Astronomical Scientific Strategy for the Next 20 Years

A less well-known region of the famous Orion Nebu-
la H ii region (M42, NGC 1976) is shown in this image 
obtained with the WFI instrument on the 2.2-m 
telescope at La Silla. The ionising star cluster (‘The 
Trapezium’) is to the east (left) of the area shown. 
The combination of three narrow band filters, 
centred on the strong emission lines of [O iii], Ha and 
[S ii], provides the colour image and the impression 
of depth to the picture. The orange and red (low 
ionisation) regions trace a great bay where the gas 
and dust of the local cloud has been sculpted by  
the ionising radiation of the hot young stars. A haze 
of blue filaments (high ionisation gas) wash over the 
image from the left and are between the molecu- 
lar cloud and the observer. The original observations 
were taken by Massimo Roberto and colleagues  
in December 2001 and the image was reduced by 
Benoît Vandame (ESO). The cover picture on The 
Messenger 122 (December 2005) derives from an-
other region of the same image.
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Current deep surveys, notably in X-rays 
and the mid-IR, are making it possible to 
carry out a census of essentially all the 
luminous AGN in the Universe. By pene-
trating the obscuration that, in Type 2 
sources, hides the nuclear regions in the 
UV to the near-IR spectrum, these new 
surveys are finding the radio quiet coun-
terparts of the powerful radio galaxies.

The completion of such a census has 
substantial cosmological significance 
since it will provide the foundation for 
identifying the role of AGN feedback in 
the galaxy-formation process. The Type 2 
sources are of particular value here since, 
by acting as their own coronographs, 
they facilitate the study of the star-forma-
tion activity and the investigation of the 
correlated growth of the black hole and 
the host galaxy.

While radio galaxies – which are being 
used to trace the massive galaxy pop-
ulation at all epochs – have been studied 
intensively for the past 40 years, their 
radio quiet counterparts beyond the local 
Universe are only now being discovered 
in substantial numbers. The workshop 
aims to bring together the established 
radio galaxy community with the students 
of the radio quiet sources and so help to 
elucidate the effects of the (possibly) dif-
ferent host galaxies and environment and 
those of the powerful radio jets.

The conference will be held at Kloster 
Seeon, a recently renovated 10th-century 
benedictine monastery near lake Chiem-
see. This state-of-the-art conference 
centre includes a three-star hotel with  
88 rooms and a restaurant proposing ex-
cellent cuisine with regional speciali- 

ties. Seeon is located halfway between 
Munich and Salzburg at the foothills of 
the southern Bavarian Alps. The confer-
ence will be limited to 120 participants. 
We foresee no proceedings and no post-
er session.

For further information, see 
http://www.eso.org/agnii2007

Contact: agnii2007@eso.org

Observing Planetary Systems

This workshop aims to bring together 
both communities of Solar System and 
extra-planetary systems scientists to 
discuss, mostly from an observational 
standpoint, our understanding of the for-
mation of our Solar System and its early 
chemistry, and how it fits with recent ob-
servations and current knowledge of the 
formation of planetary systems at large.

We invite you to join this workshop that 
will be held at the ESO premises in Vita-
cura, Santiago de Chile, from 5–8 March 
2007. The meeting will be organised in 
four sessions approached both from the 
Solar System and extra-solar system 
perpectives. Each session will host invit-
ed talks and contributed presentations. 
Space will be made available for poster 
display. The total number of participants 
will be limited to about 80 people.

Sessions and invited speakers are: 
Discs: François Ménard “Observations 
and models of circumstellar discs”, 
Charles Telesco, “Observing planetesimal 
collisions in discs”, Alessandro Morbidelli 
“Dynamical processes in the early Solar 
System”; Search for planets: Didier 
Queloz “Status and prospects of radial 
velocity searches”, Olivier Hainaut “Find-
ing the big outer Solar System bodies”, 
David Mouillet “Direct detection of exo-
planets”; Planet’s chemistry: David 
Charbonneau “Probing the atmosphere 
of transiting exoplanets”, Inga Kamp “As-
trochemistry: From discs to protoplan-
ets”, Michael Mumma “Comets as mes-
sengers from the early Solar System”; 
Finding other Earths: Chas Beichman 
“Roadmap to other Earths”, Lisa Kalten-
egger “Biomarkers of other Earths”, 
Malcolm Fridlund “Expected results from 
COROT and Darwin”.

Important deadlines and  
contact information: 
Submission of abstracts: 15 December 
2006 (late submission will be considered 
depending availability of space)
Final selection: 15 January 2007
Conference e-mail: ops_ws07@eso.org 
Web page: http://www.sc.eso.org/
santiago/science/OPSWorkshop

Scientific Organising Committee:
Isabelle Baraffe, Antonella Barucci, 
Hermann Böhnhardt, Dale Cruikshank, 
Christophe Dumas (Co-chair), Wolfgang 
Gieren, Anne-Marie Lagrange, Dante 
Minniti, Andreas Quirrenbach, Michael 
Sterzik (Co-chair), Stéphane Udry, 
Benjamin Zuckerman

Local Organising Committee:
http://www.sc.eso.org/santiago/science/
PlanetaryGroup 

5–8 March 2007, Santiago de Chile, Chile

Obscured AGN Across Cosmic Time

5–7 June 2007, Seeon, Bavaria, Germany

ESO Workshop on

Conference on
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Science with the VLT in the ELT Era

8–12 October 2007, ESO Headquarters, Garching near Munich, Germany

The first of the ELTs (Extremely Large 
Telescopes) now under study could see 
first light in around 10 years when the 
ESO VLT will still be fully operational and 
receiving new second-generation instru-
mentation and upgrades. Even before 
then we will also have entered the ALMA 
(and JWST) era. This Workshop will pro-
vide a forum for the ESO community to 
debate and provide valuable feedback on 
how it expects the scientific use of the 
VLT and VLTI to evolve over this period 
and the priorities to be set in the next Call 
for Instrument Proposals expected to be 
issued in 2008.

Amongst the topics envisaged are: 
Science highlights illustrating unique VLT 
and VLTI capabilities; New science op-

ESO Workshop on

portunities created by instruments be-
coming available in 2008–2012 (HAWK-I, 
X-Shooter, KMOS, SPHERE, MUSE, 
PRIMA, and possible second-generation 
VLTI instruments); Research priorities 
identified by ASTRONET, Radionet, ESA/
ESO WGs; VLT and VLTI synergies with 
ELT, ALMA, JWST; ELT science priorities 
and possible first-light instruments; VLT 
and VLTI science priorities beyond 2012 
and possible consequences for special-
isation of telescopes and changes in op-
erational models; Resources and con-
cepts for new second-generation VLT 
instruments to be installed beyond 2012.

It is intended to invite review/overview 
talks to introduce these topics; to com-
plement them with contributed papers 
and posters and to include ample time  
for discussion. 

For more details please consult the web 
page http://www.eso.org/vlt07 or e-mail 
vlt07@eso.org or contact the

Scientific Organising Committee:
Alan Moorwood (Chair), Tom Herbst  
(Co-chair), Willy Benz, Mark Casali,  
Bruno Leibundgut, Yannick Mellier, Jorge 
Melnick

Local Organising Committee:
Markus Kissler-Patig, Christina Stoffer, 
Iris Bronnert, Pamela Bristow

Announcements

ESO is opening the following position of 

The successful candidate will support and assist the Director 
General in establishing agreements, and represent ESO in various 
international fora on the European and the international scene. 
Involvement is expected in the area of international cooperations 
and in European initiatives in astronomy, such as OPTICON, 
ASTRONET and RadioNet. Furthermore, she/he will be active in the 
cooperation with the Board of Directors of the journal Astronomy 
and Astrophysics and with the Forum of European Intergovernmen-
tal Research Organisations (EIROForum).

As an astronomer and member of the ESO Science Faculty the suc-
cessful candidate will be expected and encouraged to conduct as-
tronomical research up to 50 % of the time and participate actively in 
the scientific life of ESO. Research in areas directed towards effec-
tive use of the ESO facilities will be strongly encouraged.

International Cooperation Scientist

ESO

European Organisation
for Astronomical  
Research in the  
Southern Hemisphere

The position requires a PhD in astronomy, physics, or equivalent. 
Candidates should have worked in astronomical research for several 
years and should be familiar with the European astronomy scene.  
A very good scientific publication record, excellent communication  
and interpersonal skills, the ability to work in a team, managerial 
abilities, and a good command of the English language are essen-
tial.

For details and to download an application form, please consult our 
home-page: http://www.eso.org. If you are interested in working  
in a stimulating international research environment and in areas of 
frontline science and technology, please send us your application  
in English to:

ESO Personnel Department
Karl-Schwarzschild-Straße 2  
85748 Garching near Munich, Germany
e-mail: vacancy@eso.org

ESO is an equal opportunity employer. 
Qualified female candidates are invited to apply.

ESO. Astronomy made in Europe



59The Messenger 126 – December 2006

1 October–31 December 2006

Arrivals 

Europe

Allouche, Fatmé (LB)  Student
Boutsia, Konstantina (GR)  Student
Brunner, Renate (D)  Accountant
Chéreau, Fabien (F)  Software Engineer
Erdman, Christopher (USA) Librarian
Felber, Nina (D)  Secretary/Assistant
Galametz, Audrey (F)  Student
Granato, Francesca (GB)  Student
Grillo, Claudio (I)  Student
Hatziminaoglou, Evanthia (GR) Astronomer
Klein Gebbinck, Maurice (NL) Software Engineer
Leurini, Silvia (I)  Fellow
Liske, Jochen (D)  Astronomer
Madrid Pariente, Silvia (E)  Secretary/Assistant
Schuhler, Nicolas (F)  Optical Engineer
Sforna, Diego (I)  Software Engineer
Shen, Zhi-Xia (CN) Student
Sommariva, Veronica (I)  Student
Stanke, Thomas (D)  Fellow
Vargas, Aitana (E) Student
Zech, Gabriele (D)  Software Engineer
Zilio, Davide (I)  Student
Zwaan, Martin A. (NL) Astronomer

Chile

Beletsky, Yuri (BY) Fellow
Blanchard, Guillaume (F) Optical Engineer
Carry, Benoît (F) Student
Cesetti, Mary (I) Student
Gieles, Mark (NL) Fellow
Papadaki, Christina (GR) Student
Pinto Moreira, Olga (P) Student
Snodgrass, Colin (GB) Fellow
Valenti, Elena (I) Fellow

Departures

Europe

Corbett, Ian (GB) Deputy Director General
Döllinger, Michaela (D) Student
Gandhi, Poshak (IND) Fellow
Huelamo, Nuria (E) Fellow
Kotak, Rubina (EAK) Fellow
Nilsson, Kim (S) Student
Péroux, Céline (F) Fellow
Seifahrt, Andreas (D) Student
Shaver, Peter (CDN) Senior Astronomer
Shida, Raquel Yumi (BR) Student
Strazzullo, Veronica (I) Student
Treumann, Angelika (D) Librarian Assistant
Uttenthaler, Stefan (A) Student
Vandame, Benoît (F) Software Engineer
Wold, Margrethe (N) Fellow
Wolf, Nadja (D) Student

Chile

Hibon, Pascale (F) Student
Nicoud, Jean-Luc (CH) Mechanical Engineer

Personnel Movements

New Editor

Jeremy Walsh will become the new edi-
tor of The Messenger as of 1 December 
2006, following my retirement at that 
time. I have greatly enjoyed serving as 
editor over the last several years, and 
working together with Kurt Kjaer, Henri 
Boffin and Jutta Boxheimer in this en-
deavour. I am very pleased that the edi-
torship will pass into Jeremy’s capable 
hands, and wish him well in his new role.

Peter Shaver

Peter Shaver pictured at his farewell 
party at ESO Headquarters on  
24 November with the ESO Director 
General Dr. Catherine Cesarsky in  
the foreground. He holds a poster 
which was presented to him featuring 
Messenger covers.
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ESO is the European Organisation for 
Astronomical Research in the Southern 
Hemisphere. Whilst the Headquarters 
(comprising the scientific, technical and 
administrative centre of the organisa-
tion) are located in Garching near 
Munich, Germany, ESO operates three 
observational sites in the Chilean Ata-
cama desert. The Very Large Telescope 
(VLT), is located on Paranal, a 2 600 m 
high mountain south of Antofagasta. At 
La Silla, 600 km north of Santiago de 
Chile at 2 400 m altitude, ESO operates  
several medium-sized optical tele-
scopes. The third site is the 5 000 m 
high Llano de Chajnantor, near San 
Pedro de Atacama. Here a new submil-
limetre telescope (APEX) is in opera- 
tion, and a giant array of 12-m submil- 
limetre antennas (ALMA) is under 
development. Over 1600 proposals are 
made each year for the use of the ESO 
telescopes.

The ESO Messenger is published four 
times a year: normally in March, June, 
September and December. ESO also 
publishes Conference Proceedings and 
other material connected to its activi-
ties. Press Releases inform the media 
about particular events. For further  
information, contact the ESO Public 
Affairs Department at the following ad-
dress:

ESO Headquarters
Karl-Schwarzschild-Straße 2
85748 Garching bei München
Germany
Phone +49 89 320 06-0
Fax +49 89 320 23 62
information@eso.org
www.eso.org

The ESO Messenger:
Editor: Peter Shaver
Technical editor: Jutta Boxheimer
www.eso.org/messenger/

Printed by 
Peschke Druck
Schatzbogen 35
81805 München
Germany
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Front Cover Picture: Tarantula Nebula
This image of the Tarantula Nebula in the Large Magellanic Cloud was obtained 
during the commissioning of FORS2 on the VLT Unit Telescope KUEYEN in early 
2000. It is a composite of three exposures, using B, V and R filters.


